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ABSTRACT 
The integration of high-quality (Q)-factor  3-D filters with highly efficient antennas is addressed 
in this dissertation. Integration of filters and antennas into inseparable units eliminates the 
transitions between the otherwise separate structures resulting in more compact and efficient 
systems. The compact, highly efficient integrated 3-D filter/antenna systems, enabled by the 
techniques developed herein, allow for the realization of integrated RF front ends with 
significantly- reduced form factors. 
Integration of cavity filters with slot antennas in a single planar substrate is first demonstrated. 
Due to the high Q factor of cavity resonators, the efficiency of the integrated filter/antenna 
system is found to be the same as that of a reference filter with the same filtering characteristics. 
This means a near 100% efficient slot antenna is achieved within this integrated filter/antenna 
system. To further reduce the footprint of the integrated systems, vertically integrated 
filter/antenna systems are developed. We then demonstrate the integration of cavity filters with 
aperture antenna structures which enable larger bandwidths compared with slot antennas. The 
enhanced bandwidths are made possible through the excitation and radiation of surface waves. 
To obtain omnidirectional radiation patterns , we integrate cavity filters with monopole antennas. 
Finally, the integration of filters with patch antennas is addressed. Unlike the other filter/antenna 
integration examples presented, in which the antenna is utilized as an equivalent load, the patch 
antenna provides an additional pole in the filtering function. 
The presented techniques in this dissertation can be applied for filter/antenna integration in all 
microwave, and millimeter-wave frequency regions.  
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1 INTRODUCTION 
1.1 Motivation 
Microwave systems have a wide range of usage, ranging from everyday applications such as 
satellite television and mobile phones to military radar systems. In recent years, there has been a 
rapid growth in existing wireless communication systems, in addition to the emergence of new 
technologies. In order to continue to make efficient use of the available electromagnetic 
spectrum, high performance transceivers with more stringent electrical specifications are 
increasingly needed. Moreover, transceivers are required to be more compact, lighter in weight 
and lower in cost. 
Filters and antennas are indispensable components in any communications and radar system, 
which typically take up considerable volume in the system transceivers. In the past, a lot of 
research has been conducted to improve the electrical performance, and compactness of filters 
and antennas. New materials and fabrication techniques such as high-temperature 
superconductors, low-temperature cofired ceramics (LTCC)[1, 2], stereolithography [3, 4], and 
micromachining [5] have been used to improve the performance of filters. In addition, due to the 
growing demand for compact, yet efficient antennas, there has been a renewed interest in the 
field of electrically small antennas in recent years as evident by the large number of publications 
in the literature . 
Fig. 1.1 shows the block diagrams of the transmitter and receiver of a typical wireless 
communications system. A bandpass filter immediately following the antenna in the receiver 
circuit is utilized to reject out-of-band noise and interference while allowing the transmission of 
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Figure ‎1.1: Block diagram of (a) transmitter, and (b) receiver of a communications system. 
in-band signals. Similarly on the transmitter side, a bandpass filter following the power amplifier 
is used to filter out any spectral components outside the desired frequency band in order to 
satisfy regulatory requirements on out-of-band radiation. Undesired spectral components include 
intermodulation products and harmonics generated by nonlinearities of the transmitter circuitry. 
An important characteristic of a filter is its out-of-band rejection, which describes the degree by 
which noise and unwanted signals outside the passband of a filter are attenuated. Generally, the 
out-of-band rejection is improved by using a larger number of resonators within the filter 
structure. Equally important is the filter insertion loss, which is proportional to the number of 
resonators, and inversely proportional to the resonator quality factors and the overall bandwidth 
of the filter. For a given bandwidth, a highly selective filter requires the usage of a large number 
of resonators, which can lead to increased insertion loss unless high-Q resonators are utilized. 
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High-Q resonator filters are therefore necessary in high-performance transceivers in which both 
high selectivity and low insertion loss are needed.  
Waveguide and dielectric resonator filters are commonly used high-Q filters. In spite of their 
high Q factors (> 2000), waveguide filters have the disadvantage of being bulky, heavy, and not 
easy to fabricate and integrate with other circuitry. Dielectric resonator filters, utilizing dielectric 
materials with typical dielectric constants between 20 and 80, are smaller in size. Although 
temperature-stable dielectrics are more available nowadays, the sensitivity of dielectric resonator 
filters to temperature and other factors such as humidity remains to be their main disadvantage. 
Due to their sensitivity, precisely controlled fabrication techniques and unavoidable tuning 
procedures are needed in the realization of dielectric resonator filters , which render them rather 
costly and not readily available to many applications.  
On the other hand, filters composed of resonators realized using planar transmission lines such as 
microstrip and coplanar waveguide (CPW) lines are low profile, and easily fabricated using 
lithography techniques. However, Q factors realized using planar resonators are generally limited 
(<300) due to high radiation loss, and increased metal loss particularly for CPW line resonators.  
In order to attain many of the advantageous features of both waveguide and planar filters, 
waveguiding structures with reduced height substrates such as substrate integrated waveguides 
(SIW) have become more popular recently [6],[7]. A SIW is a waveguide realized on a dielectric 
substrate, in which two rows of closely-spaced metalized vias form the waveguide sidewalls. 
With the use of such vias, cavity resonators can also be formed in SIW technology. SIW cavities 
generally exhibit lower Q factors compared with conventional air-filled cavity resonators, due to 
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Figure ‎1.2: Schematics of (a) a SIW cavity filter connected with a cavity-backed slot antenna 
using coaxial connectors; (b) an integrated filter/antenna system. 
the increased metallic losses in the thinner cavities, and additional dielectric losses otherwise 
absent in air-filled cavities. Nevertheless, the obtained Q factors are usually much higher than 
those of planar resonators and can be as high as 1000. Unlike conventional waveguides, 
however, SIW structures are more easily integrated with other systems, and can be fabricated 
using common printed circuit board (PCB) processes. Due to the aforementioned advantages of 
SIW, extensive use of this technology is made in this dissertation. The underlying principles, 
however, are general and can be readily extended to other technologies. 
Traditionally, filters and antennas are individually designed and subsequently cascaded using 
standard 50-ohm connectors. Even when the filter and antenna are individually considered to 
have acceptable performances, a simple cascade of the two using a 50-ohm transmission line 
does not present an optimum solution. Fig. 1.2 (a) shows a SIW cavity filter connected with a 
cavity-backed slot antenna using a coaxial connector. It is rather evident that the cascade 
approach yields bulky structures, particularly for 3-D filters and antennas. Furthermore, the 
losses of the 50-ohm transition degrade the overall efficiency and noise factor of the system. 
Another drawback of the simple cascade approach is the deterioration of the return loss at the 
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filter input due to the antenna presenting an impedance different from 50 ohms at the filter 
output. This happens if the antenna bandwidth is smaller than the filter bandwidth. In such cases, 
the antenna input impedance is close to 50 ohms at the center frequency fo of the antenna but 
differs from 50 ohms as we move away from fo. More importantly, a similar situation occurs in 
relatively wideband antennas. Due to the difficulties in maintaining an impedance match over a 
large frequency span, antenna designers are usually satisfied with input voltage standing wave 
ratios (VSWR) of 2 or 3 corresponding to input reflection coefficients (S11) of -10 dB and -6 dB, 
respectively. In order to demonstrate the effect of antenna mismatch on the return loss of the 
filter, an SIW filter and a cavity backed slot antenna are designed at fo = 9.85 GHz and then 
cascaded as shown in Fig. 1.2 (a). The designed filter has a 6% 3-dB bandwidth, and a midband 
insertion loss of 0.58 dB corresponding to an efficiency of 87 %. The antenna bandwidth is 3.1% 
(VSWR<2), or 5.5% ( VSWR<2), and an efficiency of 96% (-0.16 dB) at the center frequency fo. 
The responses of the filter and antenna are plotted in Fig. 1.3 (a). Fig. 1.3 (b) shows S11 at the 
filter input of the cascaded system. The deterioration of the input S11 of the cascaded system is 
apparent. It is important to note that an antenna S11 of -10 dB, which is usually considered to be a 
good matching criterion, is insufficient to preserve the matching at the filter input. In addition to 
degrading the overall system efficiency, the higher reflections result in higher VSWRs at the 
input line which are highly undesirable especially in high power applications. Furthermore, due 
to the filter presenting a source/load impedance different from 50 ohms to the LNA/power 
amplifier, their optimum performance is disrupted. 
Integration of filters and antennas into single inseparable units can eliminate the transition 
between the otherwise separate structures, resulting in more compact and efficient systems. 
Being co-designed, integrated filter/antenna systems can be more easily designed so as to  
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Figure ‎1.3: (a) responses of discrete filter and antenna; and (b) S11 response of the cascaded 
system compared with the discrete filter. 
8.5 9.0 9.5 10.0 10.5 11.0 11.5
-60
-50
-40
-30
-20
-10
0
10
 Filter
 Antenna
Frequency (GHz)
S
-P
a
ra
m
e
te
rs
 (
d
B
)
-60
-50
-40
-30
-20
-10
0
10
S
11
Gain
G
a
in
 (d
B
i)
S
21
S
11
8.5 9.0 9.5 10.0 10.5 11.0 11.5
-50
-40
-30
-20
-10
0
  Filter
  Antenna
  Filter- 50 ohm - Antenna
 
Frequency (GHz)
|S
1
1
| 
(d
B
)
(a) 
(b) 
7 
 
 
Figure ‎1.4: Comparison of the responses of the discrete filter, cascaded filter with antenna, and 
the integrated filter/antenna. 
maintain a good impedance match within the passband. Fig. 1.2 (b) shows the integrated 
filter/antenna alternative of the cascaded system in Fig. 1.2 (a), in which the slot antenna does 
not occupy any additional volume. In such integrated structures, it is possible to preserve the 
quality of filtering and radiation characteristics. Fig. 1.4 shows S11 and the gain of the integrated 
filter/antenna and compares them with the responses of the filter and the cascaded system. It is 
seen that the integrated/filter antenna can be designed to have the same filtering characteristics of 
the filter, as evidenced by the closely matching S11 responses, and the same filtering shape 
exhibited by the gain and S21 of the filter/antenna and filter, respectively. In this particular 
filter/antenna structure, the overall system efficiency is found to be 87% which matches exactly 
the insertion loss of the filter. This means that the integration of the filter and antenna did not 
introduce any additional losses, and in this sense, we were able to achieve a 100% efficient 
radiator. Although this is not always possible, the efficiency of the integrated system is always 
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found higher than the efficiency of the corresponding cascaded system.. At the center frequency 
fo, where the reflection from the antenna is minimum, the efficiency of the cascaded system is (-
0.58 dB - 0.2 dB - 0.16 dB = -1.38 dB), where -0.16 dB is the efficiency of the antenna, and 0.2 
dB is the assumed insertion loss of for the coaxial connector. This corresponds to an overall 
system efficiency of 73% compared with 88% (-0.58 dB) for the integrated filter/antenna. 
The demonstrative example provided above demonstrates the advantages of high efficiency and 
reduced form factors gained by integrating high-Q filters with antennas, and will therefore be our 
main focus in this dissertation. 
1.2  Literature Review 
In an effort to realize structures that combine the filtering and radiation functions of the filter and 
antenna, respectively, different approaches have been followed by researchers. In [8], Lee et al. 
demonstrated a vertical three-pole cavity filter integrated with a patch antenna inside low-
temperature cofired ceramic (LTCC) substrates. The filter and antenna were designed separately 
using 50-ohm ports and then connected together through a slot-to-microstrip transition avoiding 
coaxial connectors. The transition caused significant connection losses and strongly detuned the 
filter response due to the antenna loading effect. 
In another approach, the aperture of a horn antenna was covered with a substrate integrated 
waveguide (SIW) cavity frequency selective surface (FSS) [9]. In [10], a filtering function was 
incorporated into a horn antenna using metallic posts that formed resonant cavities within the 
horn. Being bulky, however, the use of horn antennas is limited to certain applications. 
The integration of patch antennas with coplanar waveguide (CPW) and microstrip resonator 
filters was reported in [11-13].The antennas acted as radiators and additional resonators 
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simultaneously, and therefore higher-order filtering functions were achieved with a reduced 
number of resonators inside the filter. In [11], a third-order filtering function is incorporated into 
a CPW-fed patch antenna by the addition of open-circuited half-wavelength microstrip 
resonators on a different dielectric layer. The microstrip resonators were electrically connected to 
the CPW line using metalized vias. The need for multilayers was removed in [12] by using CPW 
resonators patterned on the ground plane of the patch, and therefore a single dielectric substrate 
was used. 
More recently, the integration of a coupled line microstrip filter with an inverted L antenna was 
demonstrated [14]. The inverted L antenna is utilized as an additional series resonator in a 
microstrip coupled line filter. The main disadvantage of the integrated filter/antenna systems in 
[11-14] is the very limited Q factor performance, associated with the planar resonator structures 
used. Furthermore, radiation from the transmission line resonators can significantly degrade the 
out-of-band performance. Better performance is obtained using high-Q 3D integrated 
filter/antenna structures as will be shown in this dissertation. Despite the advantages of high-Q 
filters compared with their planar counterparts, very few designs utilizing such structures have 
been reported in the literature. Xun Gong et al presented the integration of a high-Q EBG filter 
and slot antenna in a seamless manner [15]. However in that work, no systematic design 
procedure was described and only simulation data was shown. 
1.3 Dissertation Overview 
This dissertation presents the integration of high-Q 3D filters with efficient antennas. Chapter 2 
presents some of the theoretical background needed in designing filters and integrated 
filter/antennas. Microwave filters are studied with the aid of coupled mode theory, a theory 
usually used to study optical nonlinearities and acoustic/optical wave interactions. The 
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unconventional treatment stresses the underlying physical principles and provides a deeper 
understanding of phenomena involved in coupled resonator structures. Chapter 3 presents the 
integration of cavity filters with slot antennas. In this chapter, the cavity resonators are realized 
on a single dielectric substrate in a planar form. To further reduce the footprint of the integrated 
filter/antenna systems, slot antennas are integrated with vertical cavity filters in Chapter 4. In 
Chapter 5, a new antenna structure is used that enables the design of filter/antenna systems with 
larger bandwidths compared with those presented in Chapters 3 and 4. The antenna consists of an 
open-ended aperture mounted on a ground plane. The enhanced bandwidth is made possible 
through the excitation and radiation of surface waves. In Chapter 6, we integrate cavity filters 
with monopole antennas to obtain omnidirectional radiation patterns. Finally, in Chapter 7, the 
integration of filters with patch antennas is presented. 
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2 APPLICATION OF COUPLED-MODE THEORY TO FILTER 
ANALYSIS 
2.1 Introduction 
Integrated filter/antenna systems can be synthesized utilizing similar design approaches used for 
coupled resonator bandpass filters. The response of a filter, as we shall see, is determined by the 
resonant frequencies of the resonators, the inter-coupling coefficients kij between the resonators, 
and the external Q factors Qext of the first and last resonators. Different from a filter structure, the 
last resonator of the filter/antenna couples to a radiating antenna instead of a second port. In this 
chapter, we will briefly review some of the basic principles of microwave filters that are equally 
applicable to integrated filter/antenna structures. For a more detailed treatment, the reader is 
referred to the available textbooks on the subject [16-18]. 
Typically, at microwave frequencies, filters are realized using inter-coupled resonators such as 
cavity [19] and dielectric resonators [20].The most commonly used approach to design such 
structures is based on low-pass prototypes [16]. Low-pass prototypes are ladder networks made 
of lumped capacitors and inductors which are synthesized to achieve desired filtering functions. 
The element values of the low-pass prototypes of specific pass band characteristics such as 
maximally flat and Chebyshev responses with different ripple are tabulated [16]. The element 
values are normalized with respect to low-pass filter parameters such as the cut-off frequency 
and the source impedance. Low-pass prototypes can be transformed into bandpass, high-pass, 
and bandstop filters by using appropriate frequency transformations [16]. Based on this 
approach, resonators of bandpass filters are coupled in a cascade configuration, from which all-
pole filtering characteristics are obtained.  
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More general filtering functions can be realized provided couplings between non-adjacent 
resonators are used. Analysis and synthesis of cross-coupled resonator filters are commonly 
performed with the aid of coupling matrix techniques [21, 22]. 
In this chapter, we utilize a coupling of modes formulation to analyze and synthesize microwave 
filters. This formalism, introduced by Haus [23], is a general method by which coupled resonant 
modes or propagating modes can be analyzed. The formalism has the advantage of being simple, 
utilizing very few basic physical concepts, in addition to using a minimum of algebra. It has been 
used in the treatment of optical nonlinearities and the interaction of optical waves with acoustic 
waves [23]. 
The main features of this formalism are highlighted and its use as applied to microwave filter 
design is then discussed. For demonstration purposes, a two-pole filter is analyzed using the 
coupling of modes formalism. The results are then compared with the results of the commonly 
used coupling matrix method. The two approaches are found to yield identical results apart from 
different frequency variables. Unlike the coupling matrix approach, however, the presented 
coupling of modes approach does not require an equivalent circuit model in its formulation. 
Instead, the approach uses the concepts of conservation of energy and the time-reversibility of 
Maxwell’s equation, which in our opinion, not only makes it more general, but also stresses the 
physical principles and provides a deeper understanding of phenomena involved in coupled 
resonator systems. 
In section 2.3.3, closed-form expressions for the insertion loss of filters up to fifth order are 
derived using the coupled-mode approach. The developed expressions provide an accurate means 
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to evaluate the insertion loss of filters in terms of the external Q factors Qext, the inter-resonator 
coupling coefficients kij, and the unloaded Q factors Qoi. 
2.2 Coupled-Mode Theory Review 
In this section, the coupled-mode theory developed by Haus is briefly reviewed. For a detailed 
discussion of the theory, the reader is referred to the original work [23]. 
By initially considering an isolated lossless resonator, Haus introduces the positive-frequency 
component of a mode amplitude a, which is related to the energy W stored in the resonator 
through: 
2
aW                                                                    (‎2.1) 
The time evolution of the mode amplitude a is described by the differential equation: 
aj
dt
da
o                                                               (‎2.2) 
In order to account for effects such as internal energy dissipation inside the resonator, coupling 
of the resonator to an external port, and/or coupling to another resonator, equation (2.2) is 
modified in a perturbative manner. To account for internal energy dissipation in the resonator, 
(2.2) is modified according to: 
o
o
a
aj
dt
da

                                                             (‎2.3) 
where 1/τo is the rate of decay due to loss. When the resonator is coupled to an external port, 
(2.3) is modified to account for two effects, namely, the escape of power back into the port, and 
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the buildup of energy in the resonator due to a possible incident wave. Equation (2.3) now 
becomes: 








 saaj
dt
da
eo
o 


11
                                               (‎2.4) 
where 1/τe is the decay rate due to power escaping to the port written in terms lifetime τe , κ is a 
coupling coefficient that represents the degree of coupling of the incident wave to the resonator 
mode, and |s
+
|
2 
represents the power carried by the incident wave. Using the property of time-
reversibility of Maxwell’s equations, Haus shows that κ and τe  are related up to a relative phase 
factor as: 
e

2
                                                                         (‎2.5) 
If two resonators resonant at ωo are coupled, each being also connected to an external port, the 
differential equations describing the mode amplitudes of the two resonators labeled 1 and 2 
respectively, are given by: 








 1
1
2121
11
1
1 211 saaaj
dt
da
eeo
o



                                (‎2.6) 








 2
2
1212
22
2
2 211 saaaj
dt
da
eeo
o



                                (‎2.7) 
By considering two coupled lossless resonators, which are isolated from any external ports, and 
noting that the total energy |a1|
2
 + |a2|
2 
under such circumstances must be conserved, Haus shows 
that κ12 and κ21 are related according to: 
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0
*
2112                                                              (‎2.8) 
Finally, the reflected wave s1
-
 at the port coupled to resonator 1 can be evaluated using: 
1
1
11
2
ass
e
                                                               (‎2.9) 
and similarly for s2
- 
. The derivation of equation (2.9) makes use of the linearity of the system, by 
which s1
- 
is written as a linear combination of s1
+ 
and a1. The coefficient of a1, namely 12 e , 
is obtained by noting that the power that escapes from a lossless resonator into a coupling port in 
the absence of an incident wave is: 
2
1
1
2
12
1
2
a
dt
ad
s
e
                                                    (‎2.10) 
where the second equality is obtained using (2.6) in its special form: 
1
1
1
1 1 aaj
dt
da
e
o

                                                       (‎2.11) 
By noting that the power delivered to the lossless resonator in the presence of an incident wave 
must equal the time rate of change of the energy stored, a statement mathematically expressed as: 
dt
ad
ss
2
12
1
2
1 

                                                     (‎2.12) 
the negative unity coefficient of s1
+
 is earned. 
Equations (2.6),(2.7), and (2.9) are the workhorse equations of coupled-mode theory. Equations 
(2.6), (2.7) can be solved for the mode amplitudes a1 and a2 for arbitrary excitation functions s1
+
, 
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and s2
+ 
. The reflected waves s1
-
, and s2
-
 can then be obtained using equation (2.9) once a1 and a2 
are found. 
2.3 Coupled-Mode Theory Applied to Filters 
In this section, we apply the coupled-mode theory described in section 2.2 to the analysis of 
microwave filters. Before we do so, however, we first give the relation between the lifetimes τ’s, 
and the κij used by Haus and the corresponding Q factors and coupling coefficients kij more 
commonly used in filter work. The lifetime τ is related to the corresponding Q factor using: 
o
Q


2
                                                                  (‎2.13) 
The coupling coefficient κij is given in terms of kij by: 
ij
o
ij kj
2

                                                          (‎2.14) 
Using (2.14), the condition (2.8) translates to kij = kji . 
To demonstrate the use of coupled-mode theory, a two-pole filter composed of two coupled 
resonators resonant at ωo, and having generally different unloaded Q factors, Qo1 and Qo2, is 
analyzed. Assuming a time-harmonic incident wave tjeSs   11  at port 1 and matched 
conditions at port 2 (s2
+
 = 0), a system of equations in terms of the two unknown complex 
amplitudes A1 and A2 , where a1 = A1 e 
jωt
, and a2 = A2 e 
jωt
, can be obtained using (2.6) and (2.7) 
as: 











1
1,
2121
11,
211
2 S
Q
AjkA
QQ
j
extooexto
o

                                (‎2.15) 
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where (2.13) and (2.14) have been used. By inverting (2.15) and (2.16), A1 and A2 are obtained 
as: 
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In terms of Qext,1 and Qext,2 , S1
-
 and S2
- 
are: 
1
1,
11 A
Q
SS
ext
o      ;    2
2,
2 A
Q
S
ext
o                                     (‎2.19) 
 The S-parameters of the two-port filter are given by: 
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The results of equations (2.20) and (2.21) show that the response of a filter is completely 
determined when the resonant frequencies and the unloaded Q factors of the resonators, the inter-
coupling coefficients kij, and the external Q-factors of the first and last resonators are specified.  
If a filter of order N having a standard filtering function such as maximally flat, or Chebyshev is 
to be designed, the external Q-factors and the coupling coefficient kij are calculated using [16]: 
FBW
gg
Q
FBW
gg
Q NNextext
1
2,
10
1,    ; 
                                        (‎2.22) 
 
ji
ij
gg
FBW
k                                                         (‎2.23) 
where FBW is the fractional bandwidth of the filter, and gi are the tabulated low-pass filter 
prototype element values. 
2.3.1 Physical Determination of Qext and kij 
When a filter structure is to be physically realized, one needs to find the physical parameters 
required to achieve certain Qext and kij. We now describe general methods by which Qext and kij 
can be determined possibly with the aid of full-wave simulations.  
Let us first consider a lossless resonator which is coupled to an external port, the differential 
equation describing this structure is: 
 111
1 21 saaj
dt
da
ee
o

                                      (‎2.24) 
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Again, assuming harmonic time dependence 
tjeSs   11 , (2.24) can be solved for the amplitude 
A1, where 
tjeAa 11  , and the reflection coefficient S11 can then be found using (2.9) as: 
eoj
S
 )(1
2
111

                                            (‎2.25) 
Using (2.13), S11 in terms of Qext can be written in the form: 
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Because the resonator is assumed lossless, the magnitude of S11 is equal to 1. The phase of S11, 
given by: 
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2tan2)arg( 111                                         (‎2.27) 
can be used to extract Qext. The coupled mode formulation choice of phase results in arg(S11) 
being zero at ω = ωo similar to a shunt RLC circuit. Fig. 2.1 shows a plot of arg(S11) versus 
frequency for a 10 GHz resonator. The frequencies ω1 and ω2 are defined as the frequencies 
where arg(S11) is π/2 and -π/2, respectively. Using (2.27), it is straightforward to show that Qext is 
given by: 
12 


 oextQ                                                      (‎2.28) 
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Figure ‎2.1: Extraction of Qext from the phase of S11. 
In order to determine kij, we consider two lossless coupled resonators which are disconnected 
from any external ports and we solve for the natural modes of oscillation of the coupled system. 
The governing equations can be easily obtained from (2.15) and (2.16), by setting S1
+ 
to zero
 
and 
letting Qo1 and Qo2 approach infinity, we get: 
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In order to obtain a nontrivial solution, the determinant of the system of equations is set to zero: 
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where k12 =k21 has been used. This yields two solutions, ω1 and ω2 , corresponding to the two 
natural modes of oscillation. ω1 and ω2 satisfy: 
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Using (2.32), k12 is given by: 
o
k

 12
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This shows that coupling forces the two modes, both originally resonant at ωo , to split into two 
new modes at ω1 and ω2. The degree of frequency splitting increases with higher coupling. 
In order to find the frequencies ω1 and ω2, the two coupled resonators can be weakly excited 
using a two port setup similar to the one shown in Fig. 2.2. Enhanced energy transmission 
between the two ports is observed at ω1 and ω2 as shown in Fig. 2.3. Simulated S21 responses of 
coupled resonators can therefore be used to determine kij with the aid of equation (2.33). 
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Figure ‎2.2: Simulation setup of weakly excited coupled resonators to extract kij. 
 
Figure ‎2.3: Simulated S21 of the setup in Figure 2.2 used to extract kij. 
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Figure ‎2.4: Equivalent circuit of a two-pole filter. 
2.3.2 Comparison to Coupling Matrix Formulation 
It is instructive to compare the coupled-mode formalism to the more commonly used coupling 
matrix methods. For this purpose, the two-pole filter is analyzed using an approach that closely 
follows that in [18]. The equivalent circuit of a two-pole filter composed of two shunt RLC 
resonators that are electrically coupled through the mutual capacitance C12 is shown in Fig. 2.4. 
The source excitation is represented by its Norton equivalent circuit consisting of the current 
source is and the source conductance G1. The conductances Go1 and Go2 account for the unloaded 
Q factors of the resonators. The equivalent circuit is analyzed by first writing the nodal equations 
as: 
so iVCjV
Lj
CjGG 





 212111
1


                                 (‎2.34) 
0
1
222121 





 V
Lj
CjGGVCj o

                             (‎2.35) 
Equations (2.34) and (2.35), can be written as: 
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where the external and unloaded Q factors are: 
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and the coupling coefficients are defined as: 
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where the last form of (2.39) follows from the narrowband approximation, ω/ ωo ≈ 1. The source 
excitation in Fig. 2.4 can be equivalently represented with the incident wave s1
+
, where | s1
+
|
2
 is 
the incident power. In terms of is , s1
+
 and s1
-
 are given by [18]: 
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and for the second port,  
02 
S    ;   2222 GVS 

                                          (‎2.41) 
In order to show the similarity between coupled-mode and the coupling matrix approaches, we 
now find the relation between the mode amplitudes Ai and the corresponding node voltages Vi. 
For this purpose, we note that the total energy stored in the shunt LC resonator i at resonance, 
|Ai|
2
, is given by: 
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Using (2.42), we infer the relation: 
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Using (2.43) and (2.40) in (2.36), and (2.37), we have: 

















 1
1,
2121
11,
211
S
Q
AjkA
QQ
j
extooext
o
o 



                        
 (‎2.44) 
0
11
2
22,
121 













 A
QQ
jAjk
oext
o
o 



                               (‎2.45) 
By also substituting (2.43) into (2.40) and (2.41) and using (2.38), (2.40) and (2.41) are found to 
be identical to (2.19). By comparing (2.32) and (2.33) with (2.15), and (2.16), we find that the 
two forms are identical apart from the frequency variables, p1 and p2 given by: 
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For ω ≈ ωo, p1 and p2 are approximately equal and are related using a Taylor expansion given by: 






 ....
16
1
8
1
4
1
1 31
2
1112 ppppp
                                      
(‎2.47) 
26 
 
 
Figure ‎2.5: Fractional difference between the two frequency variables p1 and p2. 
Fig. 2.5 shows the fractional difference between the two frequency variables calculated using 
(2.35). It is seen that the two frequency variables differ by less than 10% for frequency ranges of 
50% fractional bandwidths. The S-parameters of a 10% two-pole filter centered at 10 GHz is 
plotted in Fig. 2.6 using both frequency variables for comparison.  
2.3.3 Application to Filter Insertion Loss 
The presented coupled-mode analysis can be used to determine the insertion loss of a filter with 
the knowledge of the external Q factors Qext,i , the coupling coefficients kij, and the unloaded Q 
factors Qoi of its constituent resonators. There are methods available in the literature to calculate 
the insertion loss of filters [16]. In addition to being approximate, the insertion loss formulas in 
[16] are expressed in terms of the low-pass prototype element values gi of the filter. 
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Figure ‎2.6: S-parameters of a two-pole filter calculated using p1, and p2. 
Although, Qext,i and kij can be used to calculate the prototype element values gi , insertion loss 
formulas in terms of the former quantities are more convenient in some cases.  
Using (2.21), the insertion loss of a two-pole filter at its center frequency ωo is given by: 
                                      (‎2.48) 
Following the same procedure leading to (2.21), expressions of the insertion loss of three-pole, 
four-pole, and five-pole filters are obtained and are given by: 
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In order to demonstrate the use of the insertion loss equations (2.36)-(2.39) and compare them 
with the results of [16], a 10% four-pole 0.2 dB equal ripple Chebyshev filter is designed at 10 
GHz starting from a low-pass prototype. The prototype values gi of filters with different ripple 
and order are tabulated in [16]. For a four-pole 0.2 dB equal ripple filter, gi are given by: 
 5386.1 ;  8468.0 ; 9761.1; 2844.1 ; 3028.1 ; 1 543210  gggggg         (‎2.52) 
Using equations (2.22) and (2.23), the design parameters of the filter are found as: 
0628.0  ;0773.0  ; 03.13 2334122,1,  kkkQQ extext                 (‎2.53) 
29 
 
 
Figure ‎2.7: S-parameters of a four-pole filter. 
Using a circuit simulator the S-parameters of the designed filter are obtained and plotted in Fig. 
2.7. The unloaded Q factors Qoi of all four resonators are assumed to have the same value of 200. 
The insertion loss of a filter of order N in terms of gi is given by [16]: 
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Using (2.54), the insertion loss of the four-pole filter in Fig. 2.7 is found to be 1.17 dB compared 
with 1.33 dB as calculated using (2.50). Since the coupled-mode theory results coincide at the 
center frequency with the coupling matrix results, and because the coupling matrix is derived 
based on an equivalent circuit model, the coupled-mode approach yields results identical to the 
circuit simulator. 
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2.4 Conclusion 
In this chapter, we briefly reviewed some of the basic principles needed in designing microwave 
filters and integrated filter/antenna systems. The review utilized coupled-mode theory, which 
emphasizes the physics involved in general coupled resonator systems. The theory was compared 
with the more conventional coupling matrix approach. The two approaches are found to be 
closely related. Using the coupled-mode theory, the insertion loss of filters was studied and 
accurate expression for filters up to fifth order were obtained. 
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3 INTEGRATION OF FILTERS WITH SLOT ANTENNAS 
3.1 Introduction 
In this chapter, a synthesis technique to integrate high-Q 3-D filters with highly efficient slot 
antennas is presented. This technique allows for compact integration of 3-D filters and antennas 
with very high antenna efficiency and significantly reduced form factor of integrated RF front 
ends. The structure of the proposed filter/antenna system is very compact and easy to fabricate. 
As shown in Fig. 3.1, the slot antenna does not occupy any additional volume as compared with 
traditional approaches. The quality of filtering and radiation characteristics is preserved. 
Moreover, it is found that there is near-zero transition loss between the filter and antenna. 
Equivalent circuit models are developed for the integrated filter/antenna. This new method can 
be particularly useful for phased arrays by providing high-Q filtering with small form factors and 
eliminating either bulky coaxial or lossy transmission line connections between filters and 
antennas. Therefore, phased arrays with higher sensitivity, less co-site interference, and more 
robust mechanical structures are possible by using this integration technique. 
3.2 Filter Synthesis 
First, a four-pole Chebyshev bandpass cavity filter at X band as shown in Fig. 3.2 is synthesized. 
The integrated filter/antenna based on the same filter is shown in Fig. 3.3. A four-pole 
Chebyshev SIW cavity filter using coaxial feeding is designed at X Band. The design parameters 
of the 6.5% fractional bandwidth four-pole Chebyshev filter are shown as: 
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Figure ‎3.1: Schematics of (a) a coaxial-fed filter connected with a cavity-backed slot antenna 
using coaxial connectors; (b) a coaxial-fed integrated filter/antenna; (c) a CPW-fed filter 
connected with a cavity-backed slot antenna using CPW lines; (d) a CPW-fed integrated 
filter/antenna.  
046.03412  kk ; 037.023 k ; 20extQ                                      (‎3.1) 
where kij is the internal coupling coefficient between the ith and jth resonators and Qext is the 
external coupling coefficient of the filter. 
This filter is built in a 3.17-mm-thick RT/Duroid
®
 5880 substrate with specified εr = 2.2 and tanδ 
= 0.0009 from Rogers Corp. The sidewalls of each resonator are formed by closely-spaced 
metallic vias. The via diameter and spacing are 500 and 700 μm, respectively. The gap between 
the vias, 200 μm, is much smaller than the wavelength at X band. Therefore, the leakage loss 
through the sidewalls is insignificant compared with the metallic and dielectric losses [6].  
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Figure ‎3.2: (a) Schematic of a filter using coaxial feeding. Picture of the (b) top and (c) back 
side. (L1 = 20.4 mm; L2 = 14.4 mm; W = 13 mm; W1 = 5.4 mm; W2 = 4.5 mm; Pp = 5.6 mm)  
The inter-resonator coupling is achieved through the irises between the resonators, denoted as W1 
and W2 in Fig. 3.2(a), representing magnetic coupling. Short-ended coaxial feeding is used here 
as the external coupling mechanism, which is also magnetic coupling. A via of 1.27 mm in 
diameter is drilled for the inner conductor of an SMA connector. On the top side of the filter, a 
circle of 4.32 mm in diameter co-centered with the via is etched to allow the energy coupling 
between the coaxial connector and cavity. It is noted that the two end resonators, which are 
located on the right hand side shown in Fig. 3.2(a), have a larger size due to the frequency 
loading effect from the external coupling. The distance between the center of the coaxial line and 
end wall of the end resonators, denoted as Pp, is adjusted to achieve the required external 
coupling. The inner conductor of the SMA connector is soldered on the backside of the filter to 
form the short-ended connection.  
The final dimensions of the filter are listed in Fig. 3.2. The filter responses are simulated using 
Ansoft High Frequency Structure Simulator (HFSS). The simulated center frequency, bandwidth, 
(a) 
(b) 
(c) 
 
W1
W2
L2 L1
W
Pp
W
W1
Coaxial 
Filter Port 
Coaxial 
Filter Port 
34 
 
 
Figure ‎3.3: (a) Schematic of a filter/antenna using coaxial feeding. Picture of the (b) antenna and 
(c) coaxial feeding side. (L1 = 20.4 mm; L2 = 14.4 mm; L3 = 14.5 mm; L4 = 9.6 mm; W = 13 mm; 
W1 = 5.4 mm; W2 = 4.5 mm; W3 = 5.2 mm; Wa = 1 mm; La = 12.2 mm; Pa = 2.3 mm; Pp = 5.6 
mm) 
and insertion loss are 9.85 GHz, 6.5%, and 0.53 dB, respectively. Return losses higher than 17 
dB are achieved within the entire passband. Since this filter is used as a reference of the proposed 
filter/antenna, the S parameters of the filter will be compared with those of the filter/antenna in 
Section 3.3. 
3.3 Filter/Antenna Synthesis 
To realize an integrated filter/antenna, one port of the filter is replaced by a slot antenna. As 
shown in Fig. 3.3, this slot antenna is etched on the top side of the end resonator. The 
replacement of one port of the filter by a slot antenna must not change the filtering response. 
This would require the integrated slot antenna to act as an equivalent port of the filter. Different 
from a filter, however, energy in the filter/antenna is radiated into space instead of being 
collected by a second port. To achieve these goals, an antenna with a bandwidth wider than the 
filter bandwidth has to be chosen. The coupling to the antenna has to be the same as that to the 
port. 
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Figure ‎3.4: Synthesis procedure of filter/antenna. 
In other words, the end resonators of both the filter and filter/antenna need to have the same Qext. 
In addition, the frequency loading effect from the antenna needs to be taken into account. 
Provided all these factors are properly considered, the filter/antenna would have the same 
filtering function as the original filter. 
3.3.1 Summary of the Filter/Antenna Synthesis Procedure 
A mixed frequency-domain/time-domain synthesis technique is developed herein to achieve 
near-lossless transition between the filter and antenna and preserve all the desirable functions of 
the filter and antenna, individually. The filter/antenna synthesis procedure is illustrated in Fig. 
3.4. The details of this synthesis technique are presented in Sections 3.3.2-3.3.5. It should be 
noted that full-wave parametric sweeps are used here to create design curves or fine tune the 
filter/antenna structure within finite steps. No optimization in full-wave simulators is needed. 
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3.3.2 Select the Slot Antenna Initial Length 
A transverse slot in the broad wall of a waveguide with a width of W as shown in Fig. 3.5(a) can 
be modeled by a series impedance as shown in the equivalent circuit model in Fig. 3.5(b) [24, 
25]. Using the approach in [25] but with HFSS simulations, the normalized impedance of the slot 
is calculated and plotted in Fig. 3.5(c). In this step, the slot length La is chosen to achieve an 
antenna resonant frequency close to the filter center frequency. The slot antenna impedance 
behavior resembles that of a parallel RLC resonator. Therefore, the slot antenna bandwidth in this 
configuration is found be close to 10% using [26]: 
)2/(
)(1
max
max
Zf
Zf
Q
BW 
                                                       (‎3.2) 
3.3.3 Generate Qext Design Curves and Determine the Antenna Length and Position 
The slot antenna inside the end resonator as shown in Fig. 3.6(a) can be modeled by the 
equivalent circuit shown in Fig. 3.6(b). The reflection coefficients of this structure using HFSS 
simulations and equivalent circuit models are compared in Fig. 3.6(c) and shown to be very close 
to each other. It is observed that the phase of S11 is 180
o
 at the center frequency of the filter, 9.85 
GHz, when L4 = 10.7 mm. This structure behaves like a series RLC resonator around the center 
frequency of the filter. To verify this behavior, the input impedance of this structure is simulated 
and compared with that of a series RLC resonator in Fig. 3.7. The element values of the series 
RLC resonator are extracted using: 
0
))(Im(
4
1
ff
in
df
Zd
L 

                                                   (‎3.3) 
37 
 
 
Figure ‎3.5: (a) Schematic of a transverse slot in a waveguide and (b) its equivalent circuit. (c) 
Normalized slot impedance for La = 12.1 mm and Wa = 1 mm. 
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Figure ‎3.6: (a) Schematic of a slot antenna in a resonator and (b) its equivalent circuit. (c) Simulated 
reflection coefficients for a slot antenna inside an end resonator (La = 12.1 mm, Wa = 1 mm, Pa = 2.3 
mm, L4 = 10.7 mm). 
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)( 0fZR in                                                               (‎3.5) 
Qext from the slot antenna can be calculated using:  
R
Lf
Qext
02                                                              (‎3.6) 
if the resonator is assumed to be lossless in simulations. It is noted from Fig. 3.7 that within the 
filter bandwidth, which is marked in shaded area, the structure in Fig. 3.6(a) behaves like a series 
resonator.  
The coupling between the slot antenna and filter, Qext, is controlled by La and Pa. Qext can be 
found using equation (3.6) by simulating the structure shown in Fig. 3.6(a). It should be noted 
that the resonator is set to lossless and L4 is adjusted to achieve S11 phase of 180
o
 at 9.85 GHz for 
each combination of La and Pa. This L4 adjustment can be done by simply de-embedding the 
waveguide port in simulations. 
The design chart for Qext is illustrated in Fig. 3.8. It is noted that there are many different 
combinations of the two parameters to achieve the same Qext. This is due to the fact that the slot 
antenna has a wider bandwidth than the filter. Therefore a slightly different La can still cover the 
filter bandwidth. From the design chart, La and Pa are selected to be 12.1 and 2.3 mm, 
respectively, to realize a Qext of 20. The value of L4 needed to achieve resonance at 9.85 GHz is 
found to be 10.7 mm. 
40 
 
 
Figure ‎3.7: The input impedance of the structure in Fig. 3.6(a). 
The achievable Qext range is found to be between 12 and 130, which approximately corresponds 
to a filter/antenna bandwidth range of 0.8% to 8%. 
3.3.4 Compensate for the End Resonator Length 
When the designed antenna inside a resonator as shown in Fig. 3.6(a) is incorporated in the 
filter/antenna structure, the length L4 needs to be adjusted to account for the frequency loading 
effect caused by the coupling to the preceding resonator. Fig. 3.9 shows the equivalent circuit of 
a K inverter that uses an iris as well as two transmission lines of electrical length of Φ/2 on both 
sides of the iris. The length Φ/2 can be calculated using [17]: 
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For our particular design, the required length correction is found to be 1 mm and therefore the 
length L4 is adjusted to 9.7 mm accordingly. 
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Figure ‎3.8: Extracted Qext versus slot antenna position Pa for slot antenna length La =10, 10.5, 11, 
11.5, 12, and 12.5 mm. 
 
Figure ‎3.9: The equivalent circuit of an impedance inverter that utilizes an iris and transmission 
lines. 
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3.3.5 Time-Domain (TD) Synthesis of Filter/Antenna 
Using the filter/antenna structure dimensions from the frequency-domain synthesis, the S11 of the 
filter/antenna is shown in Fig. 3.10 and noticeably different from the filter S11. Optimizing the 
filter structure in frequency domain is time-consuming. 
In order to complete filter/antenna synthesis, a time-domain filter tuning technique [27] is 
applied here using a software program developed in ARMI lab at UCF. This time-domain 
technique is able to fine-tune the filter response with just a few parametric sweeps. Using an 
inverse Chirp-Z transform, the filter S11 response is plotted in the time domain as shown in Fig. 
3.11. It is observed that the filter responses from different sections of the filter are isolated in the 
time-domain. The peaks in the time-domain response correspond to the external coupling at Port 
1, the internal coupling between resonators 1 and 2 (k12), k23, k34, and the external coupling at 
Port 2, respectively, from left to right. The dips correspond to the resonators 1 through 4, 
respectively. A rise (sink) of the level of the peaks means smaller (larger) coupling. While the 
rise of the dips from their minimum values means off-tuned resonances. The filter/antenna S11 
time-domain response can be tuned to match that of the equivalent filter, one by one from left to 
right, with a few parametric sweeps. L3 is adjusted to 14.5 mm to match the dip of Resonator 3; 
W3 is adjusted to 5.2 mm to match k34; L4 is fine-tuned to 9.6 mm to the match the dip of 
Resonator 4; and La is fine-tuned to 12.2 to match Qext, 2. The S11 responses of the filter/antenna 
system in time domain are illustrated in Fig. 3.11. Before the time-domain fine tuning, 
discrepancies between the filter and filter/antenna are observed. After the time-domain fine 
tuning, excellent agreement between the two cases is apparent. As a result, the frequency-domain 
responses of the two cases match closely as shown in Fig. 3.10. 
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Figure ‎3.10: Simulated S11 and S21 of the filter shown in Fig. 3.2. Simulated S11 and gain (at 
boresight) of the filter/antenna shown in Fig. 3.3.  
 
Figure ‎3.11: Simulated time-domain responses of the filter and filter/antenna. 
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The gain of the filter/antenna system at the boresight is also shown in Fig. 3.10. It is found that 
the filter/antenna system exhibits the same filtering function, which is also observed in other 
radiation directions. 
3.3.6 Equivalent Circuit Model of the Filter/Antenna 
Equivalent circuit models of the filter as shown in Fig. 3.2 and filter/antenna as shown in Fig. 3.3 
are developed and illustrated in Fig. 3.12. The values of the lumped elements are found using 
equation (3.3)-(3.5). It is noted that though both resonant frequency and Qext of the last resonator 
of the filter/antenna are the same as those of the last resonator of the filter, the slope parameter of 
these two resonators are slightly different. This results in a reflection coefficient difference from 
the filter S11 as shown in Fig. 3.13. This phenomenon is also identified in Fig. 3.10 using full-
wave simulations. Using the formula [16]: 
ji
ij
ij
LLf
K
k
02
                                                                (‎3.8) 
it is found that the difference between L1 and L1’causes the internal coupling coefficient between 
the 3
rd
 and 4
th
 resonator to change though K34 is still the same. Therefore, K34 needs to be 
adjusted to account for this inductance change. In Fig. 3.13, the filter/antenna with K34 = 8.10 Ω 
restores the filter S11 shape. However, this fine tuning of coupling coefficient in full-wave 
simulators is not as effective since the change of iris dimensions also slightly detunes the 
resonant frequencies of the 3
rd
 and 4
th
 resonator. Therefore, time-domain tuning as presented in 
Section 3.3.5 is still necessary. 
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Figure ‎3.12: Equivalent circuit models of (a) the filter in Fig. 3.2 and (b) filter/antenna in Fig. 
3.3. (Z0 = 50 Ω; K01 = K45 = 21.9 Ω; K12 = K34 = 8.75 Ω; K23 = 7.05 Ω; L1 = 3.11 nH; C1 = 0.0838 
pF; R1 = 0.226 Ω; L1’ = 2.66 nH; C1’ = 0.0978 pF; R1’ = 0.194 Ω; Rext = 8.25 Ω. 
 
Figure ‎3.13: S Parameters of the filter and filter/antenna using equivalent circuit. 
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Figure ‎3.14: (a) Schematic of the filter using CPW feeding. Picture of the (b) top and (c) back 
side. (L1 = 14.0 mm; L2 = 14.4 mm; W = 13 mm; W1 = 5.4 mm; W2 = 4.5 mm; Lcpw = 7.4 mm; 
Lcoup = 3.4 mm; Wcpw = 1.5 mm; g = 0.5 mm) 
3.3.7 Filter and Filter/Antenna Using CPW Feeding 
Although coaxial feeding reduces undesirable losses in the external coupling minimizing the 
insertion loss of filters, CPW feeding is still preferred when dense packaging is needed. The 
filter and filter/antenna using CPW feeding are illustrated in Fig. 3.14 and Fig. 3.15, respectively. 
The dimensions of both devices are designed using the same synthesis approach.  
As shown in Fig. 3.16, the simulated center frequency and bandwidth of the filter with CPW 
feeding are 9.85 GHz and 6.8%, respectively. Return losses higher than 15.5 dB are achieved 
within the entire passband. The insertion loss of the filter with CPW feeding is 0.87 dB 
compared with 0.53 dB for the filter with coaxial feeding. This 0.34 dB difference is believed to 
be from the conductor, dielectric, and radiation losses within the CPW feeding. 
(a) 
(b) 
(c) 
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Figure ‎3.15: (a) Schematic of the filter/antenna using CPW feeding. Picture of the (b) antenna 
and (c) back side. (L1 = 14.0 mm; L2 = 14.4 mm; L3 = 14.5 mm; L4 = 9.8 mm; W = 13 mm; W1 = 
5.4 mm; W2 = 4.5 mm; W3 = 5.3 mm; Lcpw = 7.4 mm; Lcoup = 3.4 mm; Wcpw = 1.5 mm; g = 0.5 
mm; Wa = 1 mm; La = 12.1 mm; Pa = 2.3 mm) 
It is noted that both the S21 of the filter and the gain of the filter/antenna do not roll off as sharply 
as the coaxial feeding cases. For the filter with CPW feeding, it is caused by the cross talk 
between the CPW lines.  
While for the filter/antenna with CPW feeding, it is caused by the radiation from the CPW line. 
To verify this, metallic shielding caps are placed on top of each CPW line. The roll off of the S21 
of the filter and the gain of the filter/antenna with shielding caps is as sharp as the coaxial 
feeding cases. Slight detuning effect in the S11 response is observed in Fig. 3.17 due to the 
shielding cap. However, return losses better than 16.5 dB are still achieved within the filter 
passband. The insertion loss of the filter with CPW feeding and shielding caps is improved to 0.7 
dB, which implies 0.17-dB radiation loss and 0.17-dB metal and dielectric loss within the CPW 
feeding lines. 
(a) 
(b) 
(c) 
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Figure ‎3.16: Simulated S11 and S21 of the filter shown in Fig. 3.14. Simulated S11 and gain (at 
boresight) of the filter/antenna shown in Fig. 3.15. 
 
Figure ‎3.17: Simulated S11 and S21 of the filter shown in Fig. 3.14 with a shielding cap. 
Simulated S11 and gain (at the boresight) of the filter/antenna shown in Fig. 3.15 with shielding 
caps.  
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To summarize, the CPW feeding renders a smaller filter size and is easier for dense packaging. 
However, there are additional losses within the CPW feeding lines. Proper shielding is also 
necessary to achieve sharp roll off characteristics. 
3.4 Measurement Results and Discussions 
Prototype filters and filter/antennas are fabricated and measured. SMA connectors are mounted 
for both coaxial and CPW feeding cases. 
3.4.1 Filter and Filter/Antenna Using Coaxial Feeding 
The measured four-pole filter responses are plotted against the simulation results in Fig. 3.18(a). 
The 1.1% frequency upshift could be due to fabrication tolerances. Nevertheless, this 1.1% 
frequency upshift is consistently observed in all fabricated devices as shown in Table 1, which 
means a 1.1% size enlargement can be applied in the 2
nd
 run fabrication to match the design 
frequency. The measured bandwidth of 6.3% is very close to the simulated bandwidth of 6.5%. 
Reflection coefficient is less than -13 dB across the entire passband. The measured insertion loss 
of 0.5 dB is almost identical to the simulated 0.53 dB. This low insertion loss of the filter 
corresponds to a resonator Q factor around 850 in X band. 
The measured filter/antenna responses are plotted against the simulation results in Fig. 3.18(b). 
The measured filter/antenna bandwidth of 6.0% is slightly less than the simulated 6.5%. The 
matching is better than 15 dB within the passband. The radiation patterns and gain are measured 
in an anechoic chamber built by TDK Inc. in ARMI Lab. The measured radiation patterns agree 
very well with the simulation results in both E- and H-planes at the center frequency as shown in 
Fig. 3.19. Similar radiation patterns are observed across the entire passband. 
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Figure ‎3.18: Simulated and measured responses of the (a) filter and (b) filter/antenna using coaxial 
feeding. The gain is at the boresight. 
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The measured maximum gain is 6.1 dB. The overall efficiency of the integrated filter/antenna 
system is calculated by taking the ratio between the gain and simulated directivity and found to 
be 89%, which is equivalent to a 0.51-dB loss. Compared with the 0.5-dB filter insertion loss, it 
implies near zero loss from the slot antenna and the transition between the filter and antenna. A 
near 100% efficient slot antenna is realized using this seamless integration technique. To verify 
the filtering function of the filter/antenna, gain versus frequency is measured. This measurement 
is done at the boresight of the slot antenna; therefore a smaller gain is expected due to the dip in 
the pattern. The wide-band responses of the filter/antenna are shown in Fig. 3.20 between 8.5 
and 17 GHz. A spurious mode occurs around 15 GHz, which corresponds to the TE102 mode of 
the cavities.  
3.4.2 Filter and Filter/Antenna Using CPW Feeding 
The simulation and measurement results for filters and filter/antennas using CPW feeding 
without and with shielding caps are shown in Fig. 3.21, Fig. 3.22 and Fig. 3.23. The measured 
bandwidth, impedance matching, filter insertion loss, filter/antenna gain, and radiation pattern 
closely match simulation results. These results are summarized in Table 1. The measured gain 
for the filter/antenna without shielding cap is 0.5 dB higher than the simulation. This favorable 
higher gain is due to the narrower measured radiation pattern as shown in Fig. 3.21(c), which is 
due to the scattering from the antenna mounting structure, cables, and SMA connectors for an 
antenna with limited ground plane size. 
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Figure ‎3.19: Simulated and measured radiation patterns of the filter/antenna using coaxial 
feeding at f0. 
 
Figure ‎3.20: Simulated and measured wide-band response of the filter/antenna using coax 
feeding. 
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Figure ‎3.21: Simulated and measured (a) filter responses, and (b) filter/antenna S11 and gain at 
boresight (CPW feeding without shielding cap) 
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Figure ‎3.22: Simulated and measured (a) filter responses, and (b) filter/antenna S11 and gain at 
boresight. (CPW feeding with shielding cap) 
(b) 
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Figure ‎3.23: CPW fed filter/antenna radiation patterns at f0. (a) without, and (b) with a shielding 
cap. 
(a) 
H-Plane E-Plane 
(b) 
H-Plane E-Plane 
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TABLE I 
SUMMARY OF RESULTS 
Feeding Device 
f0 
(GHz) 
Bandwidth 
(%) 
Max. Gain 
(dB) 
Meas. Simu. Meas. Simu. Meas. Simu. 
Coaxial 
Filter 9.96 9.85 6.3 6.5 - - 
Filter/Antenna 9.96 9.85 6.0 6.5 6.1 6.1 
CPW 
(No Cap) 
Filter 9.96 9.85 6.4 6.8 - - 
Filter/Antenna 9.96 9.85 6.1 6.8 6.3 5.8 
CPW 
(With Cap) 
Filter 9.96 9.85 6.4 6.8 - - 
Filter/Antenna 9.96 9.85 6.2 6.8 6.3 6.2 
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3.5 Effect of Different Physical Parameters on Qext 
For the substrate thickness, dielectric constant and cavity width chosen in Section 3, the Qext of 
the cavity resonators loaded by the slot antennas was limited to about 10, which corresponds to 
filter/antenna FBW less than 10%. In this section, the effect of the aforementioned parameters on 
the achievable Qext is studied in detail. This study helps designers in selecting the physical 
parameters in order to achieve the Qext required by the filter/antenna system to be designed. 
Fig. 3.24(a) shows the structure to be analyzed, which may be considered as a limiting case of 
the resonator/antenna in Fig. 3.6(a), in which the slot is placed at the edge of the cavity and is 
made long enough to cover the entire cavity width. In addition, we take the slot width to be  the 
same as the substrate height h. We now consider the closely related structure in which the slot is 
moved to the side of the cavity as shown in Fig. 3.24(b), and the dielectric truncated beyond the 
slot at the edge of the cavity. For the same excitation of the two alternate structures in Fig. 3.24, 
the waveguide modal voltage drop across the slot antenna, which may be represented as a series 
impedance in a transmission line, would be the same. For thin substrates, the two structures are 
also expected to have similar radiation characteristics. Provided that we ignore the effect of 
higher-order modes associated with the resonator/antenna in Fig. 3.24(b), the two resonator 
antennas are expected to have very similar Qext. Being easier to analyze, we therefore study the 
resonator/antenna structure in Fig. 24(b) using a cavity model often used in the study of 
microstrip patch antennas [28]. 
Fig. 3.25 shows a cavity model schematic of the resonator/antenna in which the slot is replaced 
with a perfect magnetic conductor (PMC) to represent an open circuit. The structure supports the 
dominant mode illustrated in Fig. 3.25 and is given by: 
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Figure ‎3.24: Schematic of the resonator/antenna with slot antenna on (a) top and (b) side.  
 
Figure ‎3.25: Cavity Model schematic of the resonator/antenna.  
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This mode exhibits the field distribution of a rectangular metallic cavity of length 2La operating 
in its dominant mode in one half of its structure. 
By invoking field equivalence principles, the electric field in the slot is replaced with its 
equivalent surface magnetic current given by: 
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For thin cavities, this surface current can be reduced to a lineal current given by: 
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By assuming that the cavity is mounted on an infinite ground plane, image theory can be used to 
double the current of (3.11) which now radiates in unbounded space. Using methods described in 
[28], the magnetic field in the far field is found as: 
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where k and η are the wave number and free space intrinsic impedance, respectively, and α is the 
angle measured with respect to the x axis. The radiated power is then found by integrating the 
power density over half space: 
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The electric energy stored in the cavity is calculated using: 
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where εo is the permittivity of free space. Under resonant conditions, La is given by: 
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Combining (3.13)-(3.15) and using the fact that the stored electric and magnetic energies are 
equal at resonance, Qext is given by: 
),(
2
1
16
4
22
3
kWF
Wc
fWhf
c
P
Wf
Q
r
o
o
r
rad
eo
ext



















                                     (‎3.16) 
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Equation (3.16) shows the dependence of Qext on the relative dielectric constant εr, the width of 
the cavity W, and the substrate thickness h. According to (3.16), Qext is inversely proportional to 
h. Numerical evaluation of (3.16) suggests that Qext decreases monotonically with increased W. 
Further examination of (3.16) shows that for a given W, Qext attains a minimum when 
2
min
2
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Wf
c
o
r                                                          (‎3.18) 
Equation (3.16) is approximate due to the ideality of the cavity model as well as the assumptions 
of thin cavity and infinite ground plane. Fig. 3.26 shows Qext extracted from HFSS simulations 
for the resonator/antenna structures of Fig. 3.24(a) versus cavity width W for substrate heights h 
= 1.57 and 3.17 mm and dielectric constants εr = 1, 2.2, and 4. In the same figure, Qext calculated 
using equation (3.16) is also shown for comparison. The chosen range of W ensures that 10 GHz 
is above the cutoff frequency of the waveguide. As expected, Qext of the resonator/antenna 
structure decreases with increasing substrate thickness and cavity width W. Despite being 
approximate, equation (3.16) predicts the correct trend of the behavior for the 
resonator/antennas.  
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Figure ‎3.26: Extracted Qext of the resonator/antennas in Fig. 3.24 versus cavity width W for 
different h with (a) εr = 1, (b) εr = 2.2, and (c) εr = 4. 
3.6 Conclusion 
A synthesis approach to seamlessly integrate high-Q filters with highly efficient antennas was 
presented. This technique can be used for integrated filter/antennas at different frequencies, with 
different bandwidths, or with different number of orders. It has been shown the integrated slot 
antenna is a near 100% efficient radiator with expected radiation patterns and gain. In addition, 
this slot antenna acts as an equivalent load to the filter, without compromising the filtering 
characteristics. This compact low-loss integration technique enables highly efficient RF front 
ends with reduced size and higher signal sensitivity. 
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4 VERTICAL INTEGRATION OF FILTERS WITH SLOT ANTENNAS 
4.1 Introduction 
The integration of a four-pole 3-D cavity filter with a highly efficient slot antenna was described 
in Chapter 2, where all four cavity resonators were designed on a single-layer substrate. In 
applications such as phased arrays, where the spacing between antenna elements is generally 
limited to less than one wavelength, integrated filter/antenna systems with further reduced 
footprints are desirable. Under such circumstances, vertically integrated structures present a 
viable solution. 
Vertically integrated high-Q-factor 3-D cavity filters using silicon micromachining [5], low-
temperature cofired ceramics (LTCC) [1, 2, 29, 30], and polymer stereolithography [3, 4] have 
been demonstrated with significantly reduced footprints. In this chapter, we demonstrate the 
vertical integration of a two-pole cavity filter with a slot antenna, in order to significantly reduce 
the footprint of the integrated system. The integrated slot antenna is embedded inside the filter 
and therefore represents zero added volume. Bulky or lossy transitions between the filter and 
antenna are thus avoided. 
Fig. 4.1 shows the schematic of a phased array using the proposed integrated filter/antenna, 
exhibiting compact size, high-Q filtering characteristics, and reduced co-site interference. 
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Figure ‎4.1: Schematic of a phased array with integrated filter/antenna. 
It should be noted that vertically integrated filters and filter/antenna systems exhibit increased 
thickness and therefore extra care should be taken to minimize the potential warpage by selecting 
metal and dielectric materials with similar coefficients of thermal expansion (CTE) and using 
appropriate fabrication techniques.  
Although the synthesis approach described in the previous chapter can be used to design the 
vertically integrated structures [31], we opt to use a more generic synthesis approach in this 
chapter. This approach can be more readily extended for integrated systems with very different 
filter or antenna structures. 
This chapter is organized as follows. Section 4.2 presents the synthesis of a vertical two-pole 
cavity filter, which is used as a reference for the filter/antenna system. The filter/antenna 
synthesis procedure is described in Section 4.3. 
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Figure ‎4.2: Exploded view of a vertical two-pole cavity filter with CPW feeding. SMA 
connectors are soldered to the CPW lines for measurement purposes. 
In Section 4.4, equivalent circuit models are developed to identify the losses in the antenna, 
which are also verified by full-wave simulations. The measured results are shown and discussed 
in Section 4.5.  
4.2 Filter Synthesis 
A vertical two-pole cavity filter is first designed using the approach presented in [7] to serve as a 
reference for the filter/antenna system. The filter structure is illustrated in Fig. 4.2. The sidewalls 
of each resonator are formed by closely-spaced metallic vias. The via diameter and spacing are 1 
and 1.3 mm, respectively. The internal coupling is achieved through a slot in the ground plane 
between the two resonators, representing magnetic coupling. The external coupling is realized 
through the magnetic coupling from the short-ended CPW feeding lines. 
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Figure ‎4.3: (a) Stack and (b) top view of the vertical filter. (Dimensions are in millimeters. h1 = 
1.524; h2 = 0.762; h3 = 0.508; h4 = 0.254; prepreg thickness = 0.1; LCPW = 5.6; LCoup = 1.2; g = 
0.4; Lc = 9; Wc = 12.5; D = 1; S = 1.3; Ls = 3.9; Ws = 0.5; Ys = 0.5) 
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The center frequency and fractional bandwidth are 10.18 GHz and 2.9%, respectively. The 
design parameters of the vertical two-pole cavity filter are shown as: 
021.012 k                                                             (‎4.1) 
4.54EXTQ                                                             (‎4.2) 
This filter is designed in a multi-layer RO4350B stack as shown in Fig. 4.3(a). The dielectric 
constant and loss tangent for RO4350B are specified as 3.48 and 0.004, respectively, from 
Rogers Corp. The prepreg which is used to bond the RO4350B substrates exhibits a dielectric 
constant of 3.2 and a loss tangent of 0.004. The filter dimensions are shown in Fig. 4.3(b). 
4.3 Filter/Antenna Synthesis 
The slot antenna is formed by etching the top side of the upper resonator as shown in Fig. 4.4. As 
a result, this slot antenna does not occupy any additional volume or require any transition 
structure between the antenna and filter. The slot antenna has a much wider fractional bandwidth 
than the 2.9% filter bandwidth. Therefore, the slot antenna can act as an equivalent load to the 
filter within the filter pass band as long as the coupling between the antenna and upper resonator 
is identical to that between the port and resonator; and the frequency loading from the slot 
antenna is the same as that from the port. As a result, the filtering function of the filter/antenna 
system should be identical to that of the same standalone filter. It will be shown in both 
simulation and measurement results that the slot antenna exhibits the same radiating 
characteristics in terms of both radiation patterns and gain as a standalone slot antenna. 
Moreover, the efficiency of this antenna within the integrated structure is much higher than that 
of the same standalone antenna. 
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Figure ‎4.4: Exploded view of a vertical two-pole cavity filter seamlessly integrated with a slot 
antenna. 
This improved efficiency is partly due to the near-zero transition loss between the antenna and 
filter. Furthermore, since the antenna and filter in the integrated structure share the same 
substrate, the dielectric and metallic losses are significantly reduced as compared to the discrete 
case. 
4.3.1 Frequency-Domain Slot Antenna Synthesis 
The antenna length La and width Wa are chosen to be 9.5 and 0.5 mm, respectively. It is noted 
here that the choice of these two parameters is not unique. Since the slot antenna bandwidth is 
much wider than the filter bandwidth, slightly different antenna dimensions still cover the filter 
frequencies. 
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Figure ‎4.5: Magnetic field distribution at the top of (a) an unperturbed resonator and (b) the 
upper resonator of the filter antenna. (Dimensions are in millimeters. Lc = 9; Wc = 12.5; Ls = 4; 
Ws = 0.5; Ys = 0.5; La = 9.5; Wa = 0.5; Xa = 3.3; Xvia = 2.2; Yvia = 0.7) 
The slot antenna position Xa controls the coupling between the upper resonator and slot antenna. 
This coupling is stronger when Xa is smaller, since the magnetic field is stronger at the perimeter 
of the cavity as shown in Fig. 4.5(a) and the slot antenna predominantly couples to the magnetic 
field. 
Any external coupling detunes the resonant frequency of the upper cavity, so does the slot 
antenna. It is necessary that this frequency loading effect from the slot antenna be the same as 
that from the filter port. Therefore, a metallic via inside the upper cavity is used here to adjust the 
frequency loading caused by the slot antenna as shown in Fig. 4.5(b). The resonant frequency of 
the upper cavity can be increased with a larger Yvia value.  
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Figure ‎4.6: Schematics of a cavity resonator terminated with (a) a slot antenna or (b) a 50-ohm 
port excited by a waveguide port.  
Due to the position and orientation of the coupling slot with respect to the slot antenna in Fig. 
4.5, the approach used in chapter 3 to design the external coupling to the slot antenna cannot be 
readily used herein. For this purpose, a more generic method that is amenable to use with other 
resonator and antenna structures is employed. A waveguide port is used to excite the upper 
resonator terminated with either a slot antenna as shown in Fig. 4.6(a) or a filter port as shown in 
Fig. 4.6(b). To achieve reasonably small cross-sectional sizes, i.e. 8 by 1.6 mm herein, the 
waveguide port is loaded with a dielectric material of εr = 10.2. Within 9-11 GHz, this 
waveguide operates in single-mode condition.  
Using the method described in [17], QL, which is the parallel combination of QU of the upper 
resonator and QEXT from the slot antenna or the filter port, can be extracted from the reflection 
coefficient of the waveguide port.  
(a) (b) 
72 
 
 
Figure ‎4.7: Reflection coefficients of the waveguide port for the upper cavity terminated with 
either a slot antenna (Fig. 4.6(a)) or a filter port (Fig. 4.6(b)). 
HFSS full-wave simulations are used to model these structures.S11
min
 is the minimum reflection 
coefficient occurring at the resonant frequency f0, as shown in Fig. 4.7.  f1 and f2 correspond to 
the frequencies when S11 = S11
Φ, where S11
Φ 
is defined as: 
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The coupling coefficient k between the waveguide port and the resonator can be found using: 
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The QL can be calculated using: 
 
12
1
ff
f
kQ LL

                                                       (‎4.6) 
It should be noted that QL is independent of S11
min
 since the total loss of the upper cavity due to 
radiation, metal, and dielectric material is independent of the level of coupling from the 
waveguide port. This QL is found to be 42.6 when the upper cavity is terminated by a filter port. 
To match this QL for the slot antenna case, a parametric sweep of Xa is performed. It should be 
noted that the frequency loading effect is not constant for different antenna positions. Therefore, 
a parameter sweep of Yvia for each Xa is necessary to achieve the same resonant frequency for 
every Xa. The reflection coefficient of the waveguide port corresponding to Xa = 3.3 mm and Yvia 
= 0.3 mm is shown in Fig. 4.7. The resonant frequency and QL for the slot antenna are 10.18 
GHz and 45, respectively, compared with 10.18 GHz and 42.6 for the filter port. 
At this juncture, one point of clarification is due. The reader may recall that in Chapter 3 the 
filter/antenna was designed to have the same response of the reference filter by designing equal 
Qext rather than QL. Strictly speaking, the responses of the two structures can be made identical 
only if both Qext and QL are the same in the two cases. This is most easily seen by examining 
equations (2.20) and (2.21) in Chapter 2 for the expressions of S11 and S21. If the unloaded Q-
factors of the second resonators in the two structures are different due to increased losses in one 
case compared to the other, it is possible, by matching QL, to design the two structures to have 
the same S11 but not the same S21. This is evident by examining equation (2.20), where QL, the 
parallel combination of Qo2 and Qext,2 only explicitly appears. Informally speaking, the input port 
only feels the effect of the total energy dissipation in the second resonator, and cannot tell where 
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the energy is being dissipated, whether it is mostly coupled to the output port or lost as heat due 
to dielectric and metal loss. Under such conditions, the effect of different unloaded Q-factors 
appears as a change in efficiency as seen by equation (2.21).  
In Chapter 3, due to the low loss of the substrate used, the integration of the slot antenna 
introduced negligible extra losses and the unloaded Q-factor of the last resonator was unchanged. 
It was therefore sufficient to design for the same Qext . In this chapter, as we shall see in section 
4.4, due to the relatively lossy substrate used, it was necessary to consider the effects of the 
degradation of the unloaded Q-factor by designing for equal QL rather than equal Qext. 
4.3.2 Time-Domain (TD) Filter/Antenna Synthesis  
The frequency-domain responses of the reference filter and filter/antenna are shown in Fig. 
4.8(a). The gain of the filter/antenna closely follows the S21 of the reference filter. The gain of 
the filter/antenna and the insertion loss of the filter are found to be 4.9 and 2.18 dB, respectively, 
at the center frequency. However, the S11 of the filter/antenna is noticeably different from that of 
the filter. 
Fine tuning the filter/antenna dimensions in frequency domain using full-wave simulation tools 
such as HFSS can be very time consuming and therefore the time-domain technique [27] is used 
here to complete the filter/antenna synthesis. The filter S11 response is plotted in the time domain 
as shown in Fig. 4.8(b). The peaks in the time-domain response correspond to the external 
coupling between Port 1 and the first resonator (Qext, 1), the internal coupling between resonators 
1 and 2 (k12), and the external coupling between the second resonator and Port 2 (Qext, 2), 
respectively, from left to right. 
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Figure ‎4.8: Simulated filter and filter/antenna responses in (a) frequency domain and (b) time 
domain. 
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The dips correspond to the resonators 1 and 2, respectively. It is observed in Fig. 4.8(b) that the 
peak corresponding to k12 of the filter/antenna is higher than the filter case, which implies that 
the reflection from the coupling slot is a little bit too high. Therefore, the coupling slot 
dimensions need to be increased to allow more coupling between the two resonators. A 
parametric sweep of Ls is then performed to match the peaks corresponding to k12 between the 
filter and filter/antenna cases. It is found that an Ls value of 4 mm provides the best match in the 
time-domain S11 responses as shown in Fig. 4.8(b). The return losses for both filter and 
filter/antenna in the frequency domain are shown to be close to each other as illustrated in Fig. 
4.8(a). The final dimensions of the filter/antenna are listed in Fig. 4.5(b). 
4.4 Q Breakdown and Loss Analysis 
Sections 4.3.1 and 4.3.2 presented the synthesis of a filter/antenna system exhibiting the same 
filtering characteristics as the reference filter. In this section, equivalent circuits are developed to 
model the loss associated with this filter/antenna integration. 
The structures shown in Fig. 4.6 can be modeled by an equivalent circuit illustrated in Fig. 
4.9(a). It is noted that the QL calculated by (4.6) is expressed by: 
20
0
2
23
20
2 /111
L
ZK
L
R
QQQ EXToL 
                                             (‎4.7) 
QEXT is equal to QL when Qo is infinity. This can be realized by removing the metal and dielectric 
losses in HFSS simulations of the structures shown in Fig. 4.6. It is found that for the filter, QL, 
Qo and QEXT are 42.6, 196 and 54.4, respectively. For the filter/antenna, the three parameters are 
45, 187, and 59.4, respectively. 
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Figure ‎4.9: Equivalent circuits of the structures (a) in Fig. 4.6 and (b) in Figs. 2&4. (Filter: L1 = 
L2 = 3 nH, C1 = 0.0815 pF, C2 = 0.0816 pF, R1 = R2 = 0.979 Ω, K01 = K23 = 13.3 Ω, K12 = 4.02 Ω, 
Z0 = 50 Ω) (Filter/Antenna: L1 = L2 = 3 nH, C1 = C2 = 0.0815 pF, R1 = 0.979 Ω, R2 = 1.03 Ω, K01 
= 13.3 Ω, K12 = 3.9 Ω, K23 = 12.7 Ω, Z0 = 50 Ω) 
It is noted that the QEXT is very different between the two cases. In addition, the Qo is degraded 
from 196 to 187 for the upper resonator loaded with the slot antenna. However, in order to 
realize the same reflection coefficient, the same QL not QEXT is necessary. This has been proven 
in the synthesis procedure described in Section 4.3.1. 
The equivalent circuit model for the entire filter or filter/antenna is illustrated in Fig. 4.9(b). 
Using the Qo and QEXT values found through HFSS simulations, the values of the circuit elements 
are calculated and presented in Fig. 4.9. 
(a) 
(b) 
 R1C1L1 R2C2L2
K01 K12 K23 ZoZo
 
R2C2L2
KWG K23 Zo
K23
2
/ Zo
78 
 
 
Figure ‎4.10: (a) Filter S11 and S21 using HFSS simulation and equivalent circuit. (b) 
Filter/antenna S11 and gain using HFSS simulation as well as filter/antenna S11 and S21 using 
equivalent circuit. 
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The S11 and S21 of the filter using both HFSS simulations and equivalent circuit model are 
compared in Fig. 4.10(a) and closely match each other, particularly within the pass band. Using 
the equivalent circuit model, it is found that the asymmetric S11 response in the passband is due 
to a 0.05% frequency difference between the two resonators, which is caused by the different 
number of prepreg layers within the two cavities. 
The insertion loss of the filter/antenna system from the equivalent circuit model is found to be 
2.3 dB, compared with 2.18 dB for the filter. This 0.12-dB difference is due to the removal of 
one CPW feeding and addition of one slot antenna. Using HFSS simulations, it is found that the 
attenuation of one CPW feeding line is 0.035 dB. Therefore the efficiency of the slot antenna is 
calculated to be 97%, equivalent to a 0.155-dB loss. To verify this loss from the equivalent 
circuit model, HFSS simulations are performed to find the overall efficiency of the filter/antenna 
system. This overall efficiency is shown to be 58.9%, which is equivalent to a 2.3-dB loss. From 
both equivalent circuit model and full-wave simulations, it is observed that (1) the slot antenna 
has a very high (97%) efficiency, and (2) near zero loss occurs in the transition between the filter 
and antenna. Very close agreement in S11 is observed as shown in Fig. 4.10(b). The S21 from the 
equivalent circuit closely follows the roll off of the gain obtained from HFSS simulations. The 
7.2-dB difference between the two curves is due to the fact that the equivalent circuit model does 
not take the 7.2-dB antenna directivity into consideration. 
4.5 Results and Discussion 
An integrated filter/antenna system is fabricated and measured. As shown in Fig. 4.11(a), SMA 
connectors are soldered to the CPW lines for measurement purposes.  
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The measured filter/antenna center frequency of 10.16 GHz is very close to the simulated 10.18 
GHz as shown in Fig. 4.11(b). The measured bandwidth of 3.0% is slightly larger than the 
simulated 2.7% for the filter/antenna. 
The measured impedance matching is better than 28 dB within the passband. The measured 
filtering shape matches the simulated result very well. The radiation patterns and gain are 
measured. As shown in Fig. 4.12, the measured radiation patterns agree very well with the 
simulation results in both H- and E-planes at the center frequency. 
The small discrepancy in the backside lobes is caused by the finite ground plane size and 
scattering effects from the connectors and cables. Although the radiations patterns shown in Fig. 
4.12 correspond to the filter/antenna center frequency f0, similar radiation patterns are observed 
across the entire passband of the filter/antenna.  
The measured maximum gain at the boresight of the radiation pattern is shown to be 4.9 dB, 
which is identical to the simulated gain. Given the 7.2-dB directivity from HFSS simulations, the 
overall efficiency of the filter/antenna from the measurement is calculated to be 58.9% as well, 
which implies that a 97% efficient slot antenna is achieved based on the calculations shown in 
Section 4.4. 3-D cavity resonators loaded with air dielectric have the potential to achieve 
unloaded Q factors up to several thousand [3]. Using SIW cavity resonators loaded with 
RT/Duroid 5880 substrate material, unloaded Q factors as high as 850 were demonstrated in 
Chapter 3. Using these low-loss cavity resonators, the filter insertion loss can be greatly 
improved. As a result, the noise figure of the RF front end is significantly reduced. In this 
Chapter, the choice of the substrate material and stack is not optimum for loss performance. 
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Figure ‎4.11: (a) Photo of fabricated filter/antenna, and (b) Simulated and measured S11 and gain 
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Figure ‎4.12: Measured and simulated radiation patterns of the filter/antenna at f0. 
However, even with the relatively lossy RO4350B substrates, antenna efficiency as high as 97% 
is still achieved. To demonstrate the possibility of realizing a highly efficient filter/antenna 
system, we reduce the loss tangent of RO4350B and prepreg in HFSS to emulate a resonator 
with an unloaded Q of 1,000. It is found that the filter insertion loss is reduced to 0.5 dB and the 
antenna efficiency is still as high as 97%, leading to an 86% overall efficiency for the 
filter/antenna system. Using this low-loss substrate, the simulated gain of the filter/antenna 
system is as high as 6.58 dB. 
4.6 Conclusion 
A synthesis approach to seamlessly integrate 3-D vertical filters with highly efficient antennas 
was presented. The measured results verified the presented synthesis approach. It has been 
shown that the integrated slot antenna is a 97% efficient radiator with expected radiation patterns 
and gain. In addition, this slot antenna acts as an equivalent load to the filter, without 
compromising the filtering characteristics. This compact low-loss integration technique enables 
low-loss filtering and reduces co-site interference within phased arrays. Following the same 
H-Plane E-Plane 
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synthesis procedure, higher-order filters can also be seamlessly integrated with highly efficient 
slot antennas. 
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5 INTEGRATION OF FILTERS WITH APERTURE ANTENNAS 
5.1 Introduction 
A synthesis technique to integrate high-Q 3-D filters with highly efficient slot antennas was 
presented in Chapter 3. Using the new technique, integrated filter/antenna systems with 
significantly reduced form factors and high system efficiencies were demonstrated. To further 
reduce the footprint of the integrated systems, slot antennas integrated with vertical cavity filters 
were demonstrated in Chapter 4.  
In this Chapter, we demonstrate the integration of cavity filters with an alternative antenna 
structure which enables larger bandwidths compared with what can be obtained using the 
structures in Chapters 3 and 4. 
The antenna may be described as an open-ended waveguide aperture mounted on a ground plane 
as illustrated in Fig. 5.1. In addition to the fields radiated directly at the aperture, a portion of the 
energy is coupled to the dielectric-air interface as surface waves which travel along the structure 
and get radiated at its end. By carefully designing this structure, it is shown that the surface wave 
radiation can augment the direct aperture radiation and result in a broadside radiation pattern 
similar to a slot antenna. The excitation of surface waves presents an additional loss mechanism 
from the view point of the last resonator of the filter/antenna structure, and therefore, lower Qext 
can be achieved. This, in turn, allows the design of filter/antenna systems with larger bandwidths 
compared with those presented in Chapters 3 and 4, while preserving the desirable compactness 
and high efficiency. It is shown that Qext in the range of 4-43 can be realized within the range of 
physical parameters used in this study. 
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Figure ‎5.1: Schematic of a three-pole cavity filter integrated with an aperture antenna over a 
ground plane. 
 
Figure ‎5.2: Top view of an integrated cavity filter with an aperture antenna. 34% FBW on 3.17-
mm thick substrate  
(W = 15; Wcpw = 1.5; Lcpw = 6.5; Lcoup = 5.4; g = 0.5; W1 = 8.2; W2 = 7.5; Lr1 = 9.7; Lr2 = 9.7; La = 
2.9; LD = 10; WG = 30). 8% FBW on 1.57-mm thick substrate (W = 13; Wcpw = 1.5; Lcpw = 7.4; 
Lcoup = 2.3; g = 0.5; W1 = 5.6; W2 = 5; Lr1 = 13.2; Lr2 = 13.7; La = 5.9; LD = 12.3; WG = 30). 
Dimensions are in mm. 
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A 34% FBW three-pole filter/antenna, corresponding to Qext of 4.4, is designed to demonstrate 
the widest bandwidth for this integrated filter/antenna structure. The overall efficiency of such 
system is found to be as high as 96% in full-wave simulations.  
5.2 Filter/Antenna Synthesis 
The top view of a three-pole Chebyshev bandpass filter integrated with an aperture antenna is 
shown in Fig. 5.2. The inter-resonator coupling between cavities is achieved through irises in the 
common sidewalls. External coupling to the first cavity, on the other hand, is realized through 
the magnetic coupling from the short-ended CPW line. The third cavity is cut open forming an 
aperture over an extended ground plane. This resonator/antenna contributes to a third pole in the 
filtering function while simultaneously acting as a radiating element. The extended ground plane 
directs the radiation upwards causing the structure to act as a broadside radiator. 
In order to synthesize a filter/antenna with a prescribed filtering function, it is necessary to be 
able to design the resonator/antenna’s Qext and its coupling to the preceding resonator as required 
by the filtering function. The design of Qext is described in the next section. 
5.2.1 Resonator/Antenna Qext. 
The resonator/antenna of the filter/antenna system is shown in Fig. 5.3(a). This structure exhibits 
a resonance behavior analogous to a series RLC circuit. The input impedance of the 
resonator/antenna as seen from the waveguide port depicted in Fig. 5.3(a) is simulated using 
Ansoft High Frequency Structure Simulator (HFSS) and compared with a series RLC resonator 
in Fig. 5.4. The close agreement between the two cases is apparent around the resonant 
frequency fo = 10 GHz, which is chosen to be center frequency of the filter/antenna system.  
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Figure ‎5.3: Schematic of the resonator/antenna with aperture on (a) side and (b) top.  
 
Figure ‎5.4: Normalized impedance of the resonator/antenna compared with a series RLC circuit. 
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Figure ‎5.5: Equivalent circuit of the filter/antenna system.  
Using the series RLC equivalent of the resonator/antenna, the equivalent circuit of the entire 
filter/antenna system can be constructed as shown in Fig. 5.5. K inverters are used to represent 
the external coupling from the input port to the first resonator and the inter-resonator coupling 
between the cavity resonators. The resistances Ro1, Ro2, and Ro3 account for the unloaded Q 
factors of the resonators.  
We have already seen the resonator/antenna (Fig. 5.3(a)) in Chapter 3 when we considered the 
effect of physical parameters on the achievable Qext. The dielectric material was assumed to be 
truncated beyond the aperture and the structure was analyzed using the cavity model. In this 
chapter, we consider the presence of a dielectric and hence the possibility of surface wave 
excitation. In addition to the resonator/antenna of Fig. 5.3(a), the resonator/antenna structure 
shown in Fig. 5.3(b) in which the aperture is moved to the top metallic plane is also considered. 
The possibility of surface wave excitation in Fig. 5.3(a) constitutes the main difference between 
the two alternative structures. In what follows, a comparison of the two structures is found 
helpful in understanding their respective features. 
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Figure ‎5.6: Extracted Qext of the resonator/antennas in Figure 5.3 versus aperture width W for 
different h with (a) εr = 1, (b) εr = 2.2, and (c) εr = 4. 
Fig. 5.6 shows Qext extracted from HFSS simulations for the two resonator/antenna structures of 
Fig. 5.3 versus aperture width W for substrate heights h = 1.57 and 3.17 mm and dielectric 
constants εr = 1, 2.2, and 4. The chosen range of W ensures that 10 GHz is above the cutoff 
frequency of the waveguide. It is noted that for the same dielectric constant, substrate thickness, 
and aperture width, the resonator/antenna with aperture on the side exhibits smaller Qext 
compared with the case with aperture on top. It is interesting to note that this behavior is also 
observed in the air-filled resonator/antenna where no surface waves can be excited. Furthermore, 
Qext of both resonator/antenna structures decreases with increasing substrate thickness and 
aperture width W. 
By carefully examining Fig. 5.6(a)-(c), it is seen that the relative difference of Qext attained by 
the two resonator/antenna structures increases with increased substrate thickness and dielectric 
constant values. This is attributed to the increased excitation of surface waves for the 
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resonator/antenna in Fig. 5.3(a) under those conditions, a general characteristic exhibited by 
printed antennas [32]. 
Fig. 5.7 shows the longitudinal electric field component characteristic of the dominant TM0 
surface wave along the resonator/antenna structure in Fig. 5.3(a) when εr = 2.2. The fields of an 
air-filled resonator/antenna are plotted in the same figure for comparison purposes. In the 
vicinity of the aperture, the fields are composed of space waves and higher-order waves directly 
radiated by the aperture in addition to surface waves coupled to the air-dielectric interface. As 
the space waves decrease away from the aperture, the surface wave separates itself from the 
aperture near field [33] and is discernible at 10 mm. It is possible to observe a distinct surface 
wave provided the dimension LD is made long enough. It is shown in section 5.2.2 that, however, 
LD should be kept small if boresight radiation of the resonator/antenna is to be maintained. In 
these cases, despite being excited, the surface wave is not observed as separate from the aperture 
near field. The surface wave gets mostly radiated when it reaches the end of the structure albeit 
being partly reflected. The radiation from the surface wave augments the direct radiation from 
the aperture and can be utilized to yield a useful broadside radiation pattern. The smaller 
achievable values of Qext enabled by the utilization of the surface wave radiation allows the 
design of filter/antenna systems with larger bandwidths compared with those presented in 
Chapters 3 and 4. 
Due to the partial reflection of the surface and the space waves at the end of the structure, Qext is 
seen to have an interesting quasi-periodic dependence on the dimension LD. Fig. 5.8 shows 
extracted Qext for the resonator/antenna for different dielectric constants versus LD.  
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Figure ‎5.7: Electric field away from the aperture for εr = 1 and 2.2.  
 
Figure ‎5.8: Variation of Qext of the resonator/antenna in Fig. 5.3(a) versus LD  for εr = 1, 2.2, and 
4. The substrate thickness h = 3.17 mm. 
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5.2.2 Resonator/Antenna Radiation Characteristics 
Using field equivalence principles, and for the purpose of studying radiation patterns, the 
resonator/antenna in Fig. 5.3(a) can be treated as a lineal magnetic current for a thin substrate. In 
this case, the radiation resembles that of a horizontal magnetic dipole on top of an infinite ground 
plane. An air-filled resonator/antenna is considered first to study the resonator/antenna radiation 
in isolation of surface waves. Fig. 5.9 compares the E-plane radiation patterns of the air-filled 
resonator/antenna for two different substrate thicknesses over an infinite ground plane. It is seen 
that although the direction of the maximum radiation is towards end fire, the radiation pattern is 
broad and significant radiation towards boresight is identified. For thinner substrates, the 
radiation pattern becomes uniform in the upper half sphere which resembles that of a horizontal 
magnetic dipole over a ground plane. The resonator/antenna radiation pattern is greatly affected 
by the finite size of ground plane, which needs to be considered in the design. As pointed out in 
[34] for cavity backed slot antennas, due to the fact that the radiation along the aperture is small, 
the diffraction in the H plane is slight and the radiation pattern is very weakly dependent on the 
dimension WG of the ground plane. The E-plane pattern, on the other hand, is considerably 
dependent on the dimensions LD and LG as the diffraction effect at the ground plane edges is 
more pronounced in this plane. The diffracted waves interfere with the direct radiation from the 
aperture causing a possible distortion of the radiation pattern. Fig. 5.10 shows simulated 
radiation patterns for different ground plane sizes in which the aperture is symmetrically located 
on the ground plane (LD = LG). It is noted that the direction of the maximum radiation is close to 
boresight for small ground plane sizes, and starts to tilt away from boresight for larger ground 
planes, before the pattern deteriorates due to destructive interference with diffracted waves. 
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Figure ‎5.9: Simulated E-plane radiation patterns of an air-filled resonator/antenna over an 
infinite ground plane for two different substrate thicknesses. 
 
Figure ‎5.10: Simulated E-plane radiation patterns of an air-filled resonator/antenna over finite 
ground planes of different lengths LD. (W = 18 mm, h = 3.17 mm) 
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Figure ‎5.11: Simulated E-plane radiation patterns of a dielectrically-filled resonator/antenna for 
different LD. (εr = 2.2, W = 15 mm, h = 3.17 mm) 
Similar behavior is also found for dielectrically-filled resonator/antennas. The dimension LD 
changes the relative phase between the direct aperture radiation, the surface wave radiation, and 
the diffracted waves. The superposition of those three components determines the total radiation 
pattern. The E-plane pattern of the resonator antenna with εr = 2.2 for different LD and a fixed LG 
= 10 mm is shown in Fig. 5.11. Similar to the air-filled resonator/antenna, the radiation is close 
to boresight for small LD, and tilts away for larger LD, before the pattern is eventually distorted as 
the surface wave radiation and direct aperture radiation start to interfere destructively at 
boresight. As might be expected, the value of LD, at which considerable radiation pattern 
distortion is observed, decreases with increased dielectric constant. Due to the same reason, for 
any given design, the radiation pattern tilt away from boresight tends to increase at higher 
frequencies.  
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5.2.3 Filter/Antenna Design. 
In section 5.2.1, the resonator/antenna is shown to behave as an RLC circuit and the equivalent 
circuit of the entire filter/antenna is presented in Fig. 5.5. With the aid of the equivalent circuit, 
the filter/antenna system is designed using the same approach described in Chapter 3. In order to 
demonstrate the possibility of wideband filter/antenna integration, a 34% FBW three-pole 
Chebyshev filter/antenna is designed at 10.2 GHz on 3.17-mm-thick Rogers RT/Duroid 5880 (εr 
= 2.2 and tanδ = 0.0009). The design parameters are: 
21.02312  kk                                                        (‎5.1) 
4.42,1,  extext QQ                                                  (‎5.2) 
To obtain a Qext of 4.4, W is chosen as 15 mm using Fig. 5.6(b). The dimensions of the designed 
filter/antenna are listed in Fig. 5.2. Shielding metallic caps are used to cover the CPW lines at the 
input port to eliminate any radiation from the lines. Fig. 5.12 shows the responses of the structure 
simulated using HFSS. The reflection coefficient is less than -15 dB within the passband. The 
gain at boresight versus frequency, plotted in the same figure, demonstrates the filtering function 
of the filter/antenna and is very flat in the pass band. The gain at 9, 10.2, 11 GHz is 5.1, 4.9 and 
4.7 dBi, respectively. The radiation patterns of the filter/antenna at the three frequencies are 
shown to relatively stable over frequency as illustrated in Fig. 5.13. The pattern slightly tilts 
more towards the endfire direction at higher frequencies for the aforementioned reason. LD = 10 
mm is chosen for this design. 
The directivity at boresight is simulated to be 5.1 dBi at 10.2 GHz, which implies an efficiency 
of 96% by taking the ratio of gain over directivity, for the entire filter/antenna system. 
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Figure ‎5.12: Simulated responses of a 34% three-pole integrated filter with an aperture antenna 
on 3.17-mm-thick Rogers RT/Duroid 5880.  
It is noted that the slower out-of-band rejection at the upper band is due to the existence of the 
TE102 mode of the cavity resonators at around 16 GHz. This phenomenon is typical for wide-
band cavity filters and can be improved by introducing transmission zeros at the upper band [35] 
or using evanescent-mode cavities [36].  
The presented antenna structure in this Chapter can realize a wide range of Qext, which leads to 
great flexibility in designing different FBWs for integrated filter/antenna whereas the 
filter/antennas using slot antennas in Chapters 3 and 4 are limited to 10% FBW or less. By 
following the design charts in Fig. 5.6, filter/antennas with FBW of 3-34% can be realized. 
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Figure ‎5.13: Simulated radiation patterns of the 34% integrated filter/antenna at f = (a) 9 GHz, 
(b) 10 GHz, and (c) 11 GHz. 
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To prove this new filter/antenna integration, an 8% FBW three-pole filter/antenna is designed at 
10 GHz on 1.57-mm-thick Rogers RT/Duroid 5880. We choose this relatively smaller FBW 
since it is always more difficult to make smaller FBW filters given certain fabrication tolerances. 
The design parameters are: 
05.02312  kk                                                          (‎5.3) 
6.192,1,  extext QQ                                                    (‎5.4) 
Using Fig. 5.7(b), W = 13mm is chosen to achieve Qext of 19.6. The other dimensions of the 
structure are listed in Fig. 5.2. Simulation and measurement results of a fabricated prototype are 
compared in section 5.3. 
5.3 Results and Discussion 
A prototype filter integrated with an aperture antenna is fabricated and measured. Photos of the 
fabricated device are shown in Fig. 5.14. An SMA connector is soldered to the CPW line for 
measurement purposes and a shielding cap is used. The measured filter/antenna S11 agrees well 
with simulation results as shown in Fig. 5.15. The measured center frequency is 10.08 GHz, 
compared with 10 GHz in the simulation. This 0.8% frequency shift is due to the fabrication 
tolerances. Measured return losses higher than 13 dB are observed within the passband. To verify 
the filtering function of this integrated system, the gain of the filter/antenna system versus 
frequency is measured and plotted against the simulation results as shown in Fig. 5.15. The 
measured filter/antenna bandwidth of 8.3% is slightly larger than the simulated 8.0%. The 
measured gain at the center frequency is 5.7 dBi which matches the simulated gain. 
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Figure ‎5.14: Photos of the fabricated filter/antenna. (a) With and (b) without the shielding cap. 
 
Figure ‎5.15: Simulated and measured responses of the three-pole integrated filter with an 
aperture antenna at 8-12 GHz.  
Using the simulated directivity of 6.1 dBi, the overall efficiency of the integrated filter/antenna 
system is found to be 91%, which is lower than that of the 34% FBW filter/antenna due to the 
reduced FBW. Fig. 5.16 shows the measured wide-band responses of the filter/antenna up to 18 
GHz, in which the spurious response due to the TE102 mode of the cavity resonators can be seen. 
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Figure ‎5.16: Simulated and measured responses of the three-pole integrated filter with an 
aperture antenna at 8-18 GHz.  
 
Figure ‎5.17: Simulated and measured radiation patterns of the 8% integrated filter with an 
aperture antenna in (a) H-plane and (b) E-plane at the center frequency. 
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The measured radiation patterns agree very well with the simulation results in both E- and H-
planes at the center frequency as shown in Fig. 5.17. The radiation pattern squint with frequency 
is found very small over the 8% FBW and similar radiation patterns are observed across the 
frequency passband. 
5.4 Conclusion 
The integration of high-Q cavity filters with aperture antennas was demonstrated through 
simulation, fabrication and measurements. Due to the excitation of surface waves, The Qext of the 
filter/antenna can be significantly reduced, which allows for the design filter/antenna systems 
with FBW up to 34%. The radiation characteristics of the antenna and the means to create 
broadside radiation patterns are discussed. A 34% FBW integrated three-pole filter/antenna 
system is designed to demonstrate the possibility of wideband filter/antenna integration. A 8% 
FBW integrated three-pole filter/antenna system has been prototyped and shown to agree very 
well using the PCB fabrication techniques. 
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6 INTEGRATION OF FILTERS WITH MONOPOLE ANTENNAS 
6.1 Introduction 
In chapters 3-5, we presented a synthesis technique to integrate high-Q 3-D filters with slot and 
aperture antennas. By co-designing the filter and antenna into an inseparable unit, the 50-ohm 
transition between the otherwise separate structures is eliminated, resulting in more compact and 
efficient systems. In this chapter, we extend the technique to the integration of 3-D cavity filters 
with monopole antennas, which provide vertical polarization and omnidirectional radiation 
patterns. The efficiency of the entire filter/antenna system is shown to be as high as 93% at X 
band. A prototype filter/antenna is designed, fabricated, and measured. Excellent agreement 
between measured and simulated results is observed. The integration approach presented herein 
can be used for other types of wire antennas depending on the application. 
6.2 Filter/Antenna Synthesis 
The schematic of a three-pole Chebyshev bandpass cavity filter integrated with a monopole 
antenna is shown in Fig. 6.1. The cavities are realized using closely-spaced metallic vias, and the 
internal coupling between cavities is through irises in the common sidewalls. The external 
coupling to the first cavity is from a short-ended SMA connector. A monopole antenna is 
electrically connected to the bottom side of the third cavity through a circular opening on its top 
side. Due to its relatively wide bandwidth, the monopole antenna can be designed to act as an 
equivalent load mimicking the effect of a port in a corresponding reference filter. 
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Figure ‎6.1: (a) Skew and (b) top view of a three-pole cavity filter integrated with a monopole 
antenna. (W = 13; Pp = 2.3; W1 = 5.5; W2 = 5.6; Lr1 =15.5; Lr2 = 13.6; Lr3 = 16.5; Pa = 3.2, c = 
6.5; La = 7; h = 1.57) Dimensions are in mm. 
(a) 
(b) 
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The response of the filter/antenna will exhibit the same filtering function if the resonant 
frequency of each resonator, the internal coupling coefficient kij, and the external quality factor 
Qext are identical to a reference filter. In this regard, the monopole antenna should provide the 
same external coupling level as the port of the reference filter. In addition, the frequency loading 
effect of the antenna, which is generally different from that of the port, should be appropriately 
compensated for. Section 6.2.1 presents the equivalent circuit model for this integrated monopole 
antenna and the design curves for Qext. The filter/antenna synthesis procedure is described in 
Section 6.2.2. 
6.2.1 Modeling the Cavity and Monopole Antenna 
We first consider a waveguide which is fed by a coaxial probe as shown in Fig. 6.2(a). This 
structure was studied by Harrington for thin feeding probes [37]. Its equivalent circuit is shown 
in Fig. 6.2(b). This equivalent circuit uses an ideal transformer with 1:n turns ratio and a 
reactance of Xp from the probe. Using a stationary treatment and assuming the characteristic 
impedance of the waveguide Zo = 1 Ω, the turns ratio n is given by [37]: 
)(sin
)tan(2 2
2
2
W
c
kh
kh
W
h
Zn w







                                             (‎6.1) 
where h and W are the waveguide height and width, respectively; c is the distance between the 
center of the probe and the sidewall of the waveguide; k is the wave number in the dielectrically-
loaded waveguide; and Zw is the TE10 wave impedance.  
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Figure ‎6.2: (a) Schematic of a waveguide excited by a coaxial probe and (b) its equivalent 
circuit. (W = 13, c = 6.5, h = 1.57) Dimensions are in mm.  
 
Figure ‎6.3: (a) Resonator/antenna structure. (b) Equivalent circuit of the resonator/antenna. (c) 
Simplified equivalent circuit. (c) Equivalent series RLC circuit. 
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The structure consisting of the monopole, the coupling probe, and the third cavity of the filter, 
referred to as the resonator/antenna is illustrated in Fig. 6.3(a). It can be obtained by connecting a 
monopole antenna at the reference plane T’ of the structure in Fig. 6.2(a) and replacing one of 
the ports with a short-circuiting wall. The equivalent circuit of the resonator/antenna is shown in 
Fig. 6.3(b), in which Za represents the impedance of the monopole antenna. The monopole 
antenna coupled through the probe can be modeled as a shunt impedance Zshunt as shown in Fig. 
6.3(c), which is given by: 
 apshunt ZjX
n
Z 
2
1
                                                  (‎6.2) 
in which the turns ratio n modifies Zshunt and can be used to control the coupling between the 
cavity resonator and monopole antenna. The freedom in choosing n is not exploited herein in 
order to reduce the number of design parameters.  
In order to extract Zshunt, the structure in Fig. 6.4 is first simulated using Ansoft High Frequency 
Structure Simulator (HFSS). The monopole antenna length La is chosen to be 7 mm and the 
substrate is 1.57-mm-thick Rogers RT/Duroid 5880 (εr = 2.2 and tanδ = 0.0009). The diameters 
of the probe (same as the monopole antenna) and the hole on the top of the cavity are chosen as 
0.635 and 1.27 mm, respectively. Zshunt can be extracted as the Z12 of two-port network at the 
reference plane T and plotted in Fig. 6.4, in which Zo = 1 Ω is used as the characteristic 
impedance of the waveguide. Using the equivalent circuit in Fig. 6.3(c), the input impedance of 
the resonator/antenna Zin is calculated and shown in Fig. 6.5. It should be noted that for any Pa 
value, Lr3’ is always adjusted to achieve a resonant frequency fo = 10 GHz. 
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Figure ‎6.4: Zshunt for a monopole antenna of length La = 7 mm. 
 
Figure ‎6.5: Input impedance of the cavity resonator with a monopole antenna. 
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It is apparent from Fig. 6.5 that the structure behaves like a series RLC resonator (Fig. 6.4(d)) 
around the resonant frequency. Particularly, Pa and Lr3’ values used to generate Fig. 6.5 are 3.2 
and 17.8 mm, respectively. 
To verify the accuracy of the equivalent circuit in Fig. 6.3(c), the resonator/antenna structure is 
also simulated in HFSS, which produces almost identical curves as the equivalent circuit. The 
element values of the series RLC resonator are extracted using: 
0
))(Im(
4
1
3 ff
in
df
Zd
L 
       
                                            (‎6.3) 
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                                                             (‎6.4) 
)( 03 fZR in                                                              (‎6.5) 
R3 can be divided into two parts, namely Rext and Ro3, that represent the radiation loss and the 
combined dielectric and metallic losses, respectively. By simulating the structure (Fig. 6.3(a)) 
with/without setting the dielectric and metallic losses to zero, Rext and Ro3 can be extracted. Qext, 
which corresponds to the coupling between the resonator and antenna, can then be calculated 
using: 
ext
ext
R
Lf
Q 30
2
                                                              (‎6.6) 
The design curves for Qext corresponding to different combinations of Pa and La are presented in 
Fig. 6.6. The close agreement between HFSS simulations and equivalent circuit model is 
apparent.  
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To reduce the design time, only several simulations with a parameter sweep on La are necessary 
in HFSS. Then, the extracted Zshunt is employed in the equivalent circuit (Fig. 6.3(c)) to generate 
these design curves. From Fig. 6.9, it is observed that there are many different La/Pa 
combinations which could be used to achieve a certain Qext.  
6.2.2 Filter/Antenna Design 
A 7.2% FBW three-pole Chebyshev filter/antenna is designed at 10 GHz on a 1.57-mm-thick 
Rogers RT/Duroid 5880 substrate. The design parameters are: 
046.02312  kk                                                      (‎6.7) 
1.242,1,  extext QQ                                                     (‎6.8) 
Figure ‎6.6: Extracted Qext versus monopole antenna position Pa for antenna lengths La = 6, 7, and 
8 mm. 
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Figure ‎6.7: Equivalent circuit of the three-pole integrated filter/antenna system (K01 = 2.87 Ω, 
K12 = 0.182 Ω, K23 = 0.19 Ω, Lr1’ = Lr2’ = 16.1, Pa = 3.2, Lr3’ = 17.8). Dimensions are in mm. 
 
Figure ‎6.8: Lumped element equivalent circuit of the filter/antenna. (K01 = 2.87 Ω; K12 = 0.182 
Ω; K23 = 0.19 Ω; L1 = L2 = 63.2 pH; C1 = C2 = 4 pF; Ro1 = Ro2 = 5.67 mΩ; L3 = 69 pH; C3 = 3.67 
pF; Ro3 = 6.2 mΩ; Rext = 0.178 Ω.  
Using Fig. 6.6, La and Pa are chosen to be 7 and 3.2 mm respectively, in order to obtain Qext = 
24.1. Again, it is noted that this choice of La/Pa combination represents only one possible design. 
Lr3’ is set to 17.8 mm to make the resonator/antenna resonate at fo = 10 GHz. At this stage, L3, 
C3, Ro3, and Rext can be found using (6.3)-(6.5).  
Using the equivalent circuit of the resonator/antenna in Fig. 6.3(c), the equivalent circuit of the 
entire filter/antenna system can be constructed as shown in Fig. 6.7. K inverters are used to 
represent the external coupling from the input port to the first resonator (K01) and the internal 
coupling between the cavity resonators (K12 and K23). The cavity resonators are modeled by λg/2 
transmission lines at 10 GHz with length Lr1’ and Lr2’. The equivalent circuit of the filter/antenna 
can also be represented using lumped elements as shown in Fig. 6.8. The purpose of developing 
the lumped element equivalent circuit is to derive the K inverter values. L1 and L2 are obtained by 
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equating the slope of the reactance a λg/2 transmission line resonator to that of a series LC circuit 
at the resonant frequency fo = 10 GHz. L1 and L2 are given by: 
22
0
2
21


c
f
ZLL oro                                                       (‎6.9) 
where c0 is the speed of light in free space and β is the propagation constant of the waveguide 
evaluated at fo. The coupling coefficient between resonators i and j is given by [16]: 
ji
ij
ij
LLf
K
k
02
                                                          (‎6.10) 
Since L3 calculated from (6.3) is generally different from L1 and L2, an impedance inverter K23 
different from K12 is needed to obtain k12 = k23 = 0.046. The filter/antenna system with the design 
parameters shown in (6.7) and (6.8) is synthesized, using the equivalent circuit in Fig. 6.8, in 
which the obtained circuit parameters are listed. The resistances Ro1, Ro2, and Ro3 account for the 
unloaded Q factor of the cavity resonators which is approximately 700. 
Using the approach in [17], Pp, W1 and W2 needed to realize the impedance inverters K01, K12, 
and K23 are determined. The physical lengths of the resonators Lr1 and Lr2 are obtained by 
adjusting Lr1’ and Lr2’ to account for the negative transmission line lengths of the impedance 
inverters. The dimensions of the designed filter/antenna are listed in Fig. 6.1(b). The monopole 
antenna is mounted on a 100 × 100 mm
2
 ground plane. The simulated return loss and gain of the 
filter/antenna using HFSS are presented in Fig. 6.9. S11 is less than -12 dB within the passband. It 
should be noted that this S11 level can be further reduced by designing a smaller Qext. The gain 
versus frequency in the azimuth plane at φ = 90o clearly demonstrates the filtering function of the 
filter/antenna. Similar curves are found at all other radiation directions. The simulated maximum 
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gain and directivity, which occur at 64
o
 zenith angle, are 4.1 and 4.42 dBi, respectively, implying 
93% efficiency by taking the ratio of the two. 
6.3 Results and Discussion 
A prototype integrated filter/antenna is fabricated and measured. The measured S11 agrees well 
with simulation results as shown in Fig. 6.9. The 0.7% upshift in frequency is due to fabrication 
tolerances. The measured filter/antenna bandwidth of 6.5% is slightly smaller than the simulated 
7.2%. The gain of the filter/antenna system versus frequency is measured in an anechoic 
chamber and is plotted against the simulation results as shown in Fig. 6.9. It is noted that the gain 
is measured in the azimuth plane at φ = 90o to directly compare with simulations. At 10 GHz, 
The measured gain is shown to -0.58 dBi which is close to the simulated gain of -0.35 dBi. The 
wideband responses are shown in Fig. 6.10. 
The measured and simulated radiation patterns in both H plane and E plane (φ = 90o) at the 
center frequency are shown in Fig. 6.11. The small discrepancy between the simulated and 
measured radiation patterns is due to the scattering from the antenna mounting structure and 
cables. The small ripples in the H plane radiation pattern is caused by the finite-size ground 
plane. 
6.4 Conclusion 
A synthesis approach to integrate high-Q 3-D filters with monopole antennas was presented. The 
integrated filter/antennas preserve the filtering and radiating characteristics with reduced size and 
improved efficiency. The measurement results from the prototype verified the synthesis 
approach. 
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Figure ‎6.9: Simulated and measured responses of the three-pole integrated filter with a monopole 
antenna. 
 
Figure ‎6.10: Simulated and measured wideband responses of the three-pole integrated filter with 
a monopole antenna. 
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Figure ‎6.11: Simulated and measured radiation patterns of the integrated filter with a monopole 
antenna in (a) H plane and (b) E plane at the center frequency. 
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7 INTEGRATION OF FILTERS WITH PATCH ANTENNAS 
7.1 Introduction 
Patch antennas have been widely used in various communications and radar systems due to ease 
of fabrication, low profile, and flexibility of design in terms of polarization, and radiation pattern 
etc. Particularly, they are very popular in phased array antenna systems since patch antenna 
arrays are thin, broad-side radiating, and easy to achieve beam steering capability with the help 
from phase shifters.  
However, patch antennas are usually narrowband due to their high-Q resonant nature. Bandwidth 
enhancement can be achieved by utilizing thick substrates with low dielectric constants, parasitic 
resonant patches [38], or resonant slots within the patch antenna [39]. The increased bandwidth 
using these approaches is usually at the expense of losing efficiency. High-Q filters are necessary 
to improve the signal-to-noise ratio and consequently reduce the noise figure of the receiver for 
communications or radar systems. Due to the limitation of size, weight, and power (SWaP) 
requirements within practical systems, having high-Q filters and highly-efficient wide-band 
patch antennas becomes very difficult, if not impossible. 
The integration of patch antennas with coplanar waveguide (CPW) and microstrip resonator 
filters was reported in [11-13]. The antennas acted as radiators and additional resonators 
simultaneously, and therefore, higher-order filtering functions were achieved with reduced 
number of resonators inside the filter. 
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Figure ‎7.1: Exploded view of a vertically-integrated three-pole filter/antenna with two cavity 
resonators and one patch antenna. 
The main disadvantage of the aforementioned integrated filter/antenna systems is the very 
limited Q factor performance, generally < 200, associated with the planar resonator structures 
used. Furthermore, radiation from the transmission line resonators can significantly degrade the 
out-of-band performance. Because of their better loss performance, filters with high-Q-factor 
resonators such as waveguide cavities [19], dielectric resonators [20], and substrate integrated 
waveguides (SIW) [40] are desirable over their planar counterparts. 
A new way to realize integrated high-Q filters with highly-efficient patch antenna is presented in 
this chapter. The entire system consists of two high-Q-factor cavity resonators and one resonant 
patch antenna which are vertically stacked to greatly reduce the footprint as illustrated in Fig. 
7.1. Similar to [11-13], the patch antenna also acts as a resonator contributing to an additional 
pole in the filtering response. A third-order Chebyshev filtering function is therefore realized 
using two cavity resonators and one patch antenna. Efficiencies as high as 91.8% have been 
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achieved in simulations. In addition, the bandwidth of the entire filter/antenna system exceeds 
that of a standalone patch antenna. A prototype of the designed filter/antenna system is 
fabricated and very good agreement between measured and simulated results is observed. 
7.2 Filter/Antenna Synthesis 
As mentioned in Chapter 2, the design of the filter/antenna systems utilizes the same design 
principles of microwave bandpass filters. As in the filter case, the response of the filter/antenna 
is determined by the resonant frequencies of the resonators, the internal coupling coefficients kij 
between the resonators, and the external quality factors Qext of the first and last resonators. 
Depending on the relative antenna bandwidth compared with the filter bandwidth, two schemes 
of filter/antenna integration are possible. When the antenna bandwidth is sufficiently large 
compared with the filter bandwidth, the antenna behaves as an equivalent load to the filter and 
does not contribute an additional pole in the filtering response. The integration of filters with 
slot, aperture, and monopole antennas presented in Chapters 3-6 fall under this category. In spite 
of the advantages of high efficiency and reduced size, the filter/antenna bandwidth is limited to 
be less than the antenna bandwidth. On the other hand, if the antenna bandwidth is comparable to 
or smaller than the filter bandwidth, the antenna acts as an additional resonator and adds one 
additional pole in the filtering response. It is found that this integration approach can be used to 
obtain filter/antennas with bandwidths that exceed those of standalone antennas. In this Chapter, 
this second category of filter/antenna integration is demonstrated with the use of patch antennas. 
As shown in Fig. 7.1, three substrate layers are used to form the integrated filter/antenna 
structure. The dielectric material used here is Rogers RT/Duroid 5880 (εr = 2.2; tanδ = 0.0009; 
and ½ oz. copper). The cavity resonators are realized using closely-spaced metallic vias and the 
internal coupling between the two cavity resonators is through a slot in the common ground 
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plane. The coupling between the resonator and patch antenna is through a coupling via 
connecting them together. The external coupling to the filter/antenna is achieved by using a 
short-ended SMA coaxial connector. As mentioned earlier, this integrated filter/antenna exhibits 
three transmission poles, similar to a three-pole filter. Therefore, a rigorous synthesis procedure 
must be followed to ensure that the integrated filter/antenna has all the analogues of an 
equivalent three-pole filter in terms of resonators, internal couplings, and external couplings. The 
schematics of the integrated filter/antenna from different view angles are shown in Fig. 7.2. 
A reference three-pole Chebyshev filter with 8% FBW at 10.16 GHz was synthesized. The 
design parameters of this filter are: 
054.02312  kk                                                         (‎7.1) 
2.172,1,  extext QQ                                                   (‎7.2) 
If this three-pole filter were realized using the vertical stacking as shown in Fig. 7.1, it would be 
symmetric with respect to a horizontal plane in the middle of ground planes 2 and 3. In this 
integrated filter/antenna design, the patch antenna replaces the top cavity resonator. k23 now 
becomes the coupling between the middle cavity and patch antenna which is achieved through a 
coupling via. The radiation Q factor (Qrad) of the patch antenna is equivalent to Qext,2 of the 
reference filter. The rest of this section will describe the details on how to synthesize these 
design parameters for the integrated filter/antenna in order to realize the same filtering functions 
of the reference filter. 
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Figure ‎7.2: Schematics of (a) SMA coaxial feeding and coupling slot; (b) coupling slot and via; 
(c) coupling via and patch antenna; and (d) vertical stack. (W = 12.9; Pc = 2.7; Ls = 5.7; Ws = 0.5; 
Xs = 0.9; Lr1 = 15.7; Lr2 =16; Pp = 3.1; c = 6.5; d = 2.3; Lp = 9.1; Wp = 14; h1 = 1.6; h2 = 0.8) 
Dimensions are in mm. 
It will also be shown in Section 7.3 that the integrated patch antenna exhibits the same radiating 
characteristics as a standalone patch antenna but with a wider frequency range of operation. This 
bandwidth enhancement can be explained by viewing the two cavity resonators preceding the 
patch antenna as a multisection impedance transformer that matches the antenna to the input port 
over a larger frequency range. 
The most challenging part in the design is to synthesize k23 and the related frequency detuning 
effect on the middle cavity and patch antenna. There are many physical parameters which could 
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lead to a change in k23. Therefore, it is imperative to understand the role of these parameters and 
provide design guidelines. In Sections 7.2.1-7.2.4, the equivalent circuit models for different 
sections of the filter/antenna are developed and the analytical formula of k23 is derived. The 
filter/antenna synthesis procedure is described in Section 7.2.5.  
7.2.1 Modeling the Coupling Via Inside a Waveguide 
In order to build the equivalent circuit for the coupling via inside the middle cavity, we first 
studied a waveguide which is fed by a coaxial probe as shown in Fig. 7.3(a). This coaxial probe 
has the same cross-sectional dimensions as the coupling via. The inner and outer diameters of the 
coaxial probe are 0.635 and 1.27 mm, respectively. This structure was investigated by 
Harrington for thin feeding vias [37]. Its equivalent circuit is shown in Fig. 7.3(b). This 
equivalent circuit uses an ideal transformer with 1:n1 turn ratio and a reactance of X1 from the 
probe inside the waveguide. Using a stationary treatment and selecting the wave impedance Zw 
as the characteristic impedance of the waveguide, the turn ratio n1 is given by [37]: 
)(sin
)tan(2 2
2
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W
h
n


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
                                            (‎7.3) 
where h and W are the waveguide height and width, respectively; c is the distance between the 
center of the probe and the sidewall of the waveguide; k is the wave number in the dielectrically-
loaded waveguide. If unity characteristic impedance (Zo =1 Ω) is preferred, n1 is: 
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Figure ‎7.3: (a) Schematic of a waveguide excited by a coaxial probe and (b) its equivalent 
circuit. 
7.2.2 Modeling the Coupling Via and the Patch Antenna 
The modeling of the coupling via with the patch antenna is shown in Fig. 7.4. The reactance X2 is 
from the probe (coupling via) inside the patch. The position of the probe d from the edge of the 
patch determines the turn ratio n2 which can be calculated using [28]: 
)cos(2
pL
d
n

                                                        (‎7.5) 
Qrad is primarily controlled by the dielectric constant and thickness of the antenna substrate [28]. 
Lower Qrad can be obtained using thicker substrates and lower dielectric constants. In terms of 
the equivalent circuit parameters, Qrad is given by: 
prorad CRfQ 2                                                     (‎7.6) 
h
W
c
Ref. 
Plane T
(a) (b) 
jX1
Zo Zo
1 : n
1
T T
123 
 
 
Figure ‎7.4: The equivalent circuit of a probe-fed patch antenna. 
The parallel resistors Rr and Rl represent the radiation loss and combined dielectric and 
conductor losses, respectively. The quality factors due to the dielectric and metallic losses are 
given by [28]: 
tan/1dQ                                                      (‎7.7) 
 ooc fhQ                                                   (‎7.8) 
Where ζ is the metal conductivity and tanδ is the loss tangent of the dielectric material. The 
combined quality factor Ql due to both dielectric and conductor losses is: 
plo
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l CRf
QQ
QQ
Q 2

                                            (‎7.9) 
While Qrad of the patch antenna is equivalent to Qext,2 , Ql plays the role of the unloaded quality 
factor of the third cavity resonator of the reference filter. 
7.2.3 Filter/Antenna Modeling 
With the equivalent circuits presented in the previous two subsections, the equivalent circuit of 
the entire filter/antenna system can be constructed as shown in Fig. 7.5. K inverters are used to 
Cp Rl  Lp 
jX2 n2 : 1
 Rr
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represent the external coupling from the SMA connector to the bottom resonator and the inter-
resonator coupling between the two cavity resonators. The turn ratio n1 and n2 can be controlled 
by the probe position c and d, respectively, as illustrated in Fig. 7.2. The combined effects from 
the two parameters affect the coupling between the middle cavity and patch antenna k23.  
The impedance resulting from the short-circuited waveguide with the length Pp is equal to jXp 
which is given by: 
)tan( pop PjZjX                                                 (‎7.10) 
where β is the propagation constant of the waveguide. By reflecting the patch RLC circuit 
through the two transformers, the simplified equivalent circuit is shown in Fig. 7.6(a). The 
equivalent circuit element values are given by: 
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For the convenience of further analysis, the two cavity resonators are modeled by series LC 
circuits in Fig. 7.6(b). Their equivalent inductances are obtained by equating the slope of the 
reactance of a λ/2 short-circuited resonator to that of a series LC circuit at their respective 
resonant frequencies and found as: 
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Figure ‎7.5: Equivalent circuit of the filter/antenna system. 
 
Figure ‎7.6: Simplified equivalent circuits of the filter/antenna system (K01 = 0.469 Ω, K12 =0.208 
Ω, Lr1’ = 15.4 mm, Lr2’ = 16.8 mm, Pp = 2.9 mm). 
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7.2.4 Coupling between Patch and Middle Cavity ( k23 ) 
In order to see the effect of the equivalent circuit parameters and their role in determining the 
coupling between the middle cavity resonator and patch antenna, the circuit in Fig. 7.7 is studied 
where the resistance Rp’ is removed. The circuit is now transformed to a more conventional form 
consisting of two series resonators coupled using an impedance inverter. The transformations 
make use of the lumped element impedance inverter models [26] shown in Fig. 7.8. The 
transformation steps are outlined in Fig. 7.9, and the final form is shown in Fig. 7.9(c). The patch 
is transformed into a series resonator circuit, the reactance of which is given by: 
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'1')( 23                                          (‎7.15) 
Similarly, the reactance of the second resonator is modified by the additional term (Xs//Xp) and 
given by: 
ps
ps
XX
XX
CLX

 222 1)(                                          (‎7.16) 
It should be noted that Lr2’- Pp is slightly less than half guided wavelength at the filter/antenna 
center frequency. Therefore, equation (7.16) deviates from the actual value at the center 
frequency of the filter/antenna since the lumped circuit model in Fig. 7.6(b) closely matches a 
transmission line resonator of length Lr2’- Pp only around its resonant frequency.  
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Figure ‎7.7: Equivalent circuit of the patch antenna coupled to the middle cavity resonator. 
 
Figure ‎7.8: Lumped element impedance inverters. 
 A more accurate representation of X2(ω) in a wider frequency range is given by: 
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The reactance slope parameter of series resonators is defined as [16]: 
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Figure ‎7.9: Transformation of the equivalent circuit in Fig. 7.7 to the conventional form of two 
series resonators coupled by an impedance inverter. 
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The coupling coefficient between the resonators k23 is: 
32
23
23

K
k                                                         (‎7.19) 
It is noted that (7.15), (7.17) (7.18), and (7.19), which are able to provide accurate calculations of 
k23, are used in the synthesis described in Section 7.2.5. 
The reactances Xs and Xp appearing in (7.15), (7.16), and (7.17) have a twofold effect. First, they 
detune the resonant frequencies of the resonators in Fig. 7.9(c). Because of their frequency 
dependence, they also modify the slope parameters of the resonators given by (7.18) and 
consequently the coupling coefficient k23.  
In order to understand which physical parameters control k23 and minimize of the number of 
parameters to be optimized, a closed-form formula for k23 is derived here by using (7.16) and 
assuming Xs and Xp to be frequency independent. Under those assumptions, the inductance and 
capacitance of the second resonator in Fig. 7.9(c) are:  
'23 ps CXL   , 
2
3 ' sp XLC                                       (‎7.20) 
The coupling coefficient k23 is derived as: 
'
1
2
1
2
23
psp
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o CLXX
X
f
k



                                       (‎7.21) 
The reflected patch capacitance Cp’ is a function of the turn ratio (n1, n2). Xs is the reflected 
probe reactance. Although these parameters can be used in changing k23, to minimize the number 
of parameters in the optimization, we fix the value of the physical dimensions associated with 
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these parameters in the synthesis procedure. The primary control of k23 is from Xp, which 
corresponds to the physical dimension Pp. 
The actual resonant frequency of resonator on the right hand side of the impedance inverter in 
Fig. 7.9(c) can be obtained by solving X3(ω) = 0. Within a small frequency detuning range, the 
frequency shift can be approximated by: 
psp XXC
f


1
'4
1
3
                                                   (‎7.22) 
As a result, the patch antenna size needs to be increased to compensate for the frequency upshift 
caused from the coupling between the middle cavity and patch antenna. The frequency detuning 
of the middle cavity resonator can be conveniently accounted for with the aid of the equivalent 
circuit in Fig. 7.6(a). 
7.2.5 Filter/Antenna Design 
Using the
 
developed equivalent circuits and the guidelines described in the previous sections, a 
filter/antenna system that exhibits the same filtering functions of the reference filter is now 
designed.  
As the first step, we design the patch antenna with Qrad that matches Qext,2 of the reference filter. 
Because Qrad varies relatively slowly with frequency, at this stage, the resonant frequency of the 
patch does not need to be exactly fixed and it suffices to use a frequency close to the desired 
center frequency of the filter/antenna system. The resonant frequency of the patch can always be 
adjusted during the design and little change in Qrad is observed. Using Rogers RT/Duroid 5880, 
Qrad = 17.2 is obtained with substrate thickness h2 = 0.8 mm. The patch antenna is simulated 
using Ansoft High Frequency Structure Simulator (HFSS). Using the dimensions listed in Fig. 
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7.2, the patch is resonant at 9.97 GHz. Qrad and Ql are separately determined by simulating the 
patch with/without setting the dielectric and metallic losses to zero. The simulated patch antenna 
impedance is plotted and compared with the RLC model (Fig. 7.4) as shown in Fig. 7.10. Using 
the extracted RLC values, Qrad and Ql are calculated using equations (7.6) and (7.9) and are 
found as 17.3 and 585, respectively. The result of Ql = 585 agrees well with calculations using 
(7.7)-(7.9). 
In order to obtain the patch equivalent circuit element values reflected into the waveguide, the 
patch coupled to a waveguide using a coupling via is simulated as shown in Fig. 7.11(a). The 
patch appears as a shunt element in the waveguide, and its impedance is extracted as the 
impedance parameter Z12 after the waveguide ports are de-embedded to the reference plane T. 
The patch impedance as seen from the waveguide is plotted and compared with its equivalent 
RLC circuit. The waveguide characteristic impedance is chosen as Zo = 1 Ω. Constant probe 
reactances X2 and Xs evaluated at the patch resonant frequency are used in the RLC equivalents in 
Fig. 7.10 and Fig. 7.12, respectively. A frequency-dependent reactance Xs can be used that 
accounts for the difference between the reactances obtained using HFSS and the RLC model. The 
reactance Xs is extracted and plotted in Fig. 7.13. Plotted on the same figure, are the reactances 
Xp and ωL2 – 1/ωC2 for a middle cavity resonator having dimensions of Lr2’ = 16.8 mm and Pp = 
2.9 mm. Although Xs and Xp vary relatively slowly with frequency compared with ωL2 – 1/ωC2, 
their frequency dependence needs to be considered for more accurate k23 calculation by using 
(7.19). Using the equivalent circuit model in Fig. 7.6(a) and the aid of equation (7.19), the 
filter/antenna is designed to match the reference filter response. The impedance of the patch 
antenna obtained using HFSS (Fig. 7.12) is used in the circuit simulations as shown in Fig. 
7.6(a). Only Pp was used to control k23.  
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Figure ‎7.10: Simulated impedance of a probe-fed patch antenna and its equivalent RLC model 
(Cp = 1.882 pF, Lp = 0.135 nH, Rr = 147.1 Ω, Rl = 4961.7 Ω, n2 = 0.695, X2 = 29 Ω) 
 
Figure ‎7.11: (a) Schematic of a patch antenna coupled to a waveguide through a coupling via and 
(b) its equivalent circuit. 
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Figure ‎7.12: Simulated impedance of the patch antenna in Fig. 7.11(a) as seen from the 
waveguide and its equivalent RLC model (Cp’ = 0.318 nF, Lp’ = 0.802 pH, Rp’ = 0.840 Ω, Xs = 
0.576 Ω) 
 
Figure ‎7.13: The reactances Xs and Xp compared with (ωL2 – 1/ωC2) showing a slower variation 
with frequency. 
9.0 9.5 10.0 10.5 11.0
-0.5
0.0
0.5
1.0
1.5
  X
s
  X
p
   L
2
 - 1/ C
2
Frequency (GHz)
 R
e
a
c
ta
n
c
e
 (
O
h
m
s
)
-1.5
-1.0
-0.5
0.0
0.5
R
e
a
c
ta
n
c
e
 (O
h
m
s
)
 
9.0 9.5 10.0 10.5 11.0
0.0
0.2
0.4
0.6
0.8
1.0
 HFSS
 RLC Equivalent
Frequency (GHz)
 R
e
s
is
ta
n
c
e
 (
O
h
m
s
)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
R
e
a
c
ta
n
c
e
 (O
h
m
s
)
 
X
s
134 
 
 
Figure ‎7.14: Simulated S11 and S21 of the reference filter compared to simulated S11 and gain of 
the filter/antenna shown in Fig. 7.1. 
The dimensions and circuit parameters in the equivalent model are listed in Fig. 7.6. Based on 
the dimensions obtained using the circuit model, the filter/antenna is simulated using HFSS. In 
the simulations, the physical lengths of the resonators Lr1 and Lr2 are obtained from Lr1’ and Lr2’ 
by accounting for the negative transmission line lengths of the impedance inverters. The 
dimensions of the filter/antenna system obtained are the same as those listed in Fig. 7.2 except 
for Pp = 2.9 mm, and Lr2 = 15.8 mm. 
The reflection coefficient S11 of the filter/antenna is compared with the response of the reference 
filter in Fig. 7.14. Although the results are in close agreement, fine tuning is still necessary to 
complete the design. The discrepancy between the circuit model results and HFSS simulations is 
due to full-wave effects not captured by the circuit model. The model, however, provides an 
excellent starting point for further optimization. 
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Figure ‎7.15: Time domain S11 responses of the reference filter and the filter/antenna shown in 
Fig. 7.1. 
Since optimization using full-wave simulations is time consuming, time-domain filter tuning [27] 
is employed here. Using this time-domain technique, one is able to fine-tune the filter response 
with a few steps. Using a inverse Chirp-Z transform, the filter/antenna S11 response is plotted in 
time domain as shown in Fig. 7.15. It is observed that the responses from different sections of the 
filter/antenna are isolated in time. The peaks in the time-domain response correspond to the 
external coupling at the input port, the internal coupling between the two cavity resonators (k12), 
the coupling between the middle cavity and the patch (k23), and the external coupling of the patch 
to free space (Qext,2 = Qrad), respectively, from left to right. The dips correspond sequentially to 
the two cavity resonators and the patch antenna. The filter/antenna S11 time-domain response can 
be tuned to match that of the reference filter, the response of which is also plotted in Fig. 7.15. 
The comparatively higher level of the third peak indicates that the coupling coefficient k23 of the 
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filter/antenna is smaller than the desired coupling in the reference filter. Pp is increased from 2.9 
mm to 3.1 mm, in order to correct the coupling level (Lr2 is now 16 mm). The tuned S11 response 
of the filter/antenna system in time domain is illustrated in Fig. 7.15. After time-domain fine 
tuning, excellent agreement between the two cases is apparent. As a result, the frequency-domain 
responses of the two cases match closely as shown in Fig. 7.14.  
The gain of the filter/antenna system at boresight shown in Fig. 7.14 follows the same roll-off of 
S21 of the reference filter. The filter/antenna system and the reference filter clearly exhibit the 
same filtering function. 
7.2.6 Filter/Antenna Efficiency 
In section 7.2.5, we have demonstrated that the patch antenna can be utilized as a resonator 
contributing to an additional pole in the filtering response while simultaneously acting as a 
radiating element. The combined dielectric and metal loss Q factor Ql, and Qrad of patch in the 
filter/antenna play the analogous roles of the unloaded Q factor Qu and Qext,2, respectively in a 
conventional filter. Since the antenna in a filter/antenna system can generally have a Ql that is 
very different from the unloaded Q factors Qu of the other resonators in the structure, it is 
important to understand how the efficiency of the overall system is affected. 
We now consider the scenario by which the last resonator of a filter structure with Q factors Qu 
and Qext,2 is replaced by a resonator with Q factors Qu’ and Qext,2’.We require that the input 
reflection coefficient at the input port remain unchanged. This can be ensured if the same total 
energy dissipation conditions are maintained in both cases. More specifically, this happens when 
the loaded Q factors of the last resonators in the two cases are equal: 
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Under this condition the same average total energy is stored in the last resonator in the two cases. 
Since the power collected by the second port is inversely proportional to Qext,2 and S11 is identical 
in both cases, the efficiencies are related as: 
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where (7.23) has been used. For high unloaded Q factors, the difference of the efficiencies in dB 
is: 
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                             (‎7.25) 
Since Qext,2 ~ 1/FBW, equation (7.25) shows that the effect of the change of Qu on the system 
efficiency is smaller for larger fractional bandwidths.  
For the integrated filter/antenna system designed, Qu of the cavity resonators is found to be 
approximately 650. Ql of the patch antenna was found as 585. Due to the proximity of two 
values, it was sufficient to match Qext,2 and Qrad, although this is generally not the case. Using 
(7.23), Qext,2 or equivalently Qrad is calculated as 17.3. Using (7.25), Δη = -0.013 dB (0.997), 
which represents the decrease in efficiency caused by replacing a cavity resonator with a patch 
antenna, is negligibly small. 
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The overall efficiency of the integrated filter/antenna system is calculated using Gain/Directivity 
and found to be 91.8 %. The simulated directivity and gain using HFSS are found to be 8.91 and 
8.54 dBi, respectively. 
It is expedient to compare the performance of the integrated filter/antenna system with the more 
traditional way in which filters and antennas are cascaded in the system front end. If a high-Q 
filter that utilizes the same available materials used for the filter/antenna system is to be used, an 
antenna of 99.7% efficiency (Δη) which is impedance matched over a 8% fractional bandwidth 
will be needed to maintain the same overall efficiency (91.8%). The efficiency improvement 
earned by integrating the filter and antenna is evident. The efficiency of the standalone patch 
antenna can be calculated using: 
lrad
A
QQ /1
1

                                                   (‎7.26) 
which is 97%. Through filter/antenna integration, a 97% efficient antenna having a FBW~4% 
acts as a 99.7% efficient antenna with FBW~8%. In addition to the improved efficiency, and 
bandwidth, the integrated structure is very compact. 
7.3 Fabrication and Measurement Results 
A prototype filter/antenna is fabricated and measured to verify the synthesis procedure described 
in Section 7.2. Each layer of the entire system is individually fabricated using standard PCB 
fabrication processes. Then the coupling via is soldered into the patch antenna and middle cavity 
resonator. An SMA connector is soldered to the bottom resonator to form the feeding port. 
Finally, all three layers are bonded together using a solder paste inside a reflow oven. Photos of 
the fabricated filter/antenna are shown in Fig. 7.16. 
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Figure ‎7.16: Photos of the fabricated filter/antenna system.  
The measured filter/antenna S11 agrees very well with simulation results as shown in Fig. 7.17. 
The measured center frequency is 10.27 GHz, compared with 10.16 GHz in the simulation. This 
1.1% frequency shift is due to the fabrication tolerances. Return losses higher than 12 dB are 
measured across the filter/antenna passband. It is clearly seen in Fig. 7.17 that three transmission  
poles have been achieved with two resonators and one patch antenna. To verify the filtering 
function of this integrated system, the gain of the filter/antenna system is measured in an 
anechoic chamber. The measured gain versus frequency is plotted against the simulation results 
as shown in Fig. 7.9. Both simulation and measurement results demonstrate the third-order 
filtering function across a wide frequency range. The measured filter/antenna bandwidth of 8.7% 
is slightly larger than the simulated 8.0%. 
The radiation patterns of the filter/antenna are measured in both E- and H-planes. As shown in 
Fig. 7.18, the measured patterns match the simulation results at the center frequency. As 
expected, these radiation patterns are typical for patch antennas. 
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Figure ‎7.17: Simulated and measured responses of the three-pole vertically integrated filter with 
a patch antenna.  
 
Figure ‎7.18: Simulated and measured radiation patterns in (a) H-plane and (b) E-plane at the 
center frequency. 
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It should be noted that the measured radiation patterns are slightly narrower than in simulation 
particularly in the E-plane, which corresponds to a higher directivity. Similar radiation patterns 
are observed across the entire passband. Therefore, the integrated patch antenna is able to 
function within an 8.7% fraction bandwidth, which is larger than the bandwidth (approximately 
4%) of a probe-fed standalone patch antenna with the same dimensions.  
The gain at the center frequency is measured to be 8.8 dBi, which is slightly higher than the 
simulated gain. This is attributed to the slightly larger directivity observed in measurements. 
7.4 Filter/Antenna Array 
The integrated filter/antenna systems exhibit small footprints that make them very suitable for 
array applications in which the separation between antenna elements is limited. It is desirable to 
study the mutual coupling effect on the impedance matching of the filter/antennas within an 
array. For this purpose, a 1 × 4 array arranged along the E-plane is simulated using HFSS. The 
spacing between the filter/antenna elements is 17.7 mm which corresponds to 0.6λ at the center 
frequency. The reflection coefficients of the filter/antenna elements in the array are compared 
with S11 of a standalone filter/antenna in Fig. 7.19. It is noticed that reflection coefficients are 
slightly raised from -16 to -14.5 dB primarily due to the mutual coupling effect on the resonant 
frequency of the patch.  
The simulated radiation patterns in both E- and H-planes are plotted in Fig. 7.20. The simulated 
gain of the array at the center frequency is 13.9 dBi compared with the directivity of 14.36 dBi, 
implying an efficiency of 90% for the array.  
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Figure ‎7.19: Simulated input reflection coefficients of individual filter/antenna elements 
 in a 1 × 4 array.  
 
Figure ‎7.20: Simulated radiation patterns of the 1 × 4 filter/antenna array in both H- and E-planes 
at the center frequency. 
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7.5 Conclusion 
A systematic synthesis approach to seamlessly integrate N high-Q resonators with a resonant 
patch antenna to realize (N+1)
th
-order filtering was presented and verified through simulation, 
fabrication, and measurement. The integrated filter/antenna has small footprints, is highly 
efficient, and achieves enhanced bandwidth without compromising the high efficiency. This new 
filter/antenna architecture can enable compact and low-loss RF front ends and phased array 
systems. 
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8 CONCLUSION AND FUTURE WORK 
8.1 Contributions 
This dissertation focused on the seamless integration of high-Q filters with highly efficient 
antennas. The integrated filter/antenna systems are shown to exhibit small footprints and 
extremely high efficiencies. A number of contributions have been made in this work, which are 
summarized as follow: 
 The analysis and synthesis of coupled-resonator microwave filters was formulated with 
the use of coupled-mode theory. This unconventional treatment stresses the underlying 
physical principles and provides a deeper understanding of phenomena involved in 
coupled resonator structures. Based on this approach, the insertion loss of filters was 
studied and accurate expression for filters up to fifth order were obtained. 
 A systematic approach to integrate high-Q cavity filters with slot antennas was 
demonstrated. Within the integrated systems, the slot antenna was shown to effectively 
act as a 100% efficient radiator. In addition, the integrated filter/antenna systems exhibit 
small form factors. Further reduced form factors were achieved through vertically 
integrated structures. 
 Wideband integrated filter/antenna systems were enabled by the use of a unique radiating 
structure, which consists of an open-ended aperture mounted on a ground plane. The 
enhanced bandwidth was made possible through the excitation and radiation of surface 
waves.  
 Monopole antennas were systematically integrated with high-Q cavity filters to obtain 
integrated filter/antenna systems with omnidirectional radiation patterns. 
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 Integrated cavity filters with patch antennas were demonstrated, in which the patch 
antenna acted as an additional resonator in the filtering function, contributing to an 
additional pole. 
8.2 Future Work 
8.2.1 Integration of Antennas with other High-Q Filters. 
In order to demonstrate integration of high-Q filters with antennas, cavity filters realized using 
SIW technology have been used in this dissertation. Integration of antennas with other high-Q 
filters such as dielectric resonator and evanescent-mode resonator filters has distinct advantages. 
Dielectric resonators are generally smaller in size compared with cavity filters and therefore 
present a means of further size reduction. In addition to being significantly smaller in size, the 
use of evanescent-mode resonators can help improve the out-of-band performance of the 
integrated systems by increasing the separation between the desired passband and the spurious 
response. 
8.2.2 Implementation of Vertically Integrated Filter/antennas in Antenna Arrays 
Due to their extremely small footprints, vertically integrated filter/antennas form a very suitable 
choice for the implementation of antenna arrays, in which the separation between the antenna 
elements is limited. The use of vertically integrated cavity filters with slot antennas in antenna 
arrays was recently demonstrated [31]. Arrays of vertical filters integrated with patch antennas 
are currently being fabricated. 
8.2.3 Integrated Filter/antenna Systems with General Filtering Functions 
The integrated filter/antennas presented were implemented by coupling the constituent resonators 
in a cascade configuration, from which all-pole filtering characteristics were obtained. More 
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general filtering functions, exhibiting transmission zeros near passband edges, can be realized 
provided couplings between non-adjacent resonators are used. 
8.2.4 Tunable Integrated Filter/Antenna Systems 
There has been an increased interest in frequency-tunable systems over the last ten years. By 
using suitable tuning elements such as a semiconductor or Barium Strontium Titanate (BST) 
varactors, the response of a filter/antenna system can be frequency-tuned. The equivalent circuit 
models of the different filter/antennas developed in this dissertation can be used to model the 
tunable structures facilitating their design. 
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